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Summary
Rhodopirellula is a marine representative of the globally distributed and environmentally
important bacterial phylum Planctomycetes. In cultivation studies, 70 strains had been
isolated from European coastal seas and sediments and several of those strains shared
a sequence identity over 99.5% of the 16S rRNA gene. A multilocus sequence analysis
(MLSA) in combination with DNA–DNA hybridization experiments had arranged those
strains into 13 operational taxonomic units (OTUs), suggesting a high diversity and a
limited habitat size for Rhodopirellula species in European seas and sediments. The
classification of microorganisms using only differences in 16S rRNA gene sequences is
limited due to the high degree of conservation of this gene. Closely related species with
nearly identical 16S rRNA gene sequences often show ecologically meaningful genetic
and physiological differences. Thus, other genes have to be investigated to characterize
biogeographic structures in environmental studies at the species level.
To investigate the diversity and biogeography of Rhodopirellula in the environment, with-
out cultivation and beyond the resolution of the commonly used 16S rRNA gene, we
performed a comparison of the genomes of Rhodopirellula strains and related plancto-
mycetes and identified the carB gene, coding for the large subunit of carbamoylphosphate
synthetase, and the acsA gene, coding for acetyl CoA synthetase, as suitable molecu-
lar markers. The carB primers were designed to detect all known and potentially new
Rhodopirellula species. The detection of 12 species of Rhodopirellula in a single sample
from Sylt island in the North Sea demonstrated that the carB gene is a powerful molec-
ular marker for detecting Rhodopirellula species in the environment and may be used for
the taxonomic evaluation of new strains. R. baltica, ‘R. europaea’ and ‘R. islandica’ were
present in Sylt sediments. The biogeography of these three species in intertidal sediments
around Europe was investigated targeting the acsA partial gene sequence with specific
primers. Growth experiments in different temperature, salinity and light conditions
showed that the three Rhodopirellula species have different optimal growth conditions,
however, they all grew in all the conditions tested. The acsA study, in agreement with
the growth experiments, revealed the presence of all three species in all regions sampled
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and provided evidence that the Rhodopirellula species are ubiquitously present as a seed
bank in European and Philippines samples.
Zusammenfassung
Rhodopirellula ist ein mariner Vertreter des weltweit verbreiteten und in der Umwelt
wichtigen bakteriellen Phylums Planctomycetes. In Kultivierungsstudien waren 70
Rhodopirellula Stämme aus europäischen Küstengewässern und Sedimenten isoliert wor-
den, wobei viele dieser Stämme eine sehr ähnliche Identität der 16S rRNA Gensequenz
von über 99.5% hatten. Mittels Multilocus Sequenz Analyse (MLSA) und DNA-DNA-
Hybridisierung waren diese Stämme 13 Operationalen Taxonomischen Einheiten (eng.
OTU) zugeordnet worden. Dies wies auf eine große Diversität und geringe Habitatgröße
für Rhodopirellula Arten in Europäischen Küstengewässern und Sedimenten hin. Die
Klassifikation von Mikroorganismen nur anhand der 16S rRNA Sequenz ist durch den
hohen Konservierungsgrad dieses Gens eingeschränkt. Nah verwandte Arten mit fast
identischen 16S rRNA Gensequenzen können signifikante physiologische und genetische
Unterschiede aufweisen. Daher müssen andere Gene untersucht werden, um biogeografis-
che Strukturen auf Artenniveau in Umweltstudien darzustellen.
Zum Studium der Diversität und Biogeographie von Rhodopirellula in der Umwelt, ohne
zu kultivieren und um eine höhere Auflösung als mit 16S rRNA Genen zu erlangen, wur-
den die Genome von einigen Rhodopirellula Stämmen und verwandten Planctomyceten
untersucht. Das carB Gen für die große Untereinheit der Carbamoylphosphat Syn-
thetase und das acsAGen für die Acetyl-CoA Synthetase wurden als geeignete molekulare
Markergene identifiziert. Primer für das carB Gen wurden entwickelt, um alle identi-
fizierten und potenziell weitere Arten von Rhodopirellula zu detektieren. Die Entdeckung
von 12 Rhodopirellula Arten in einer Küstensediment-Probe von der Nordseeinsel Sylt
demonstriert die Funktionalität von carB als neues Marker-Gen, mit dem Rhodopirellula
Arten in der Umwelt entdeckt und taxonomisch evaluiert werden können. R. baltica,
‘R. europaea’ und ‘R. islandica’ kamen in den Küstensedimenten auf Sylt vor. Die Bio-
geographie dieser drei Arten in europäischen Küstensedimenten wurde durch spezifische
Amplifikation eines Fragmentes des acsA Gens untersucht. Wachstumsversuche bei un-
terschiedlichen Temperatur-, Salinitäts- und Licht-Bedingungen zeigten, dass diese drei
Arten unterschiedliche Wachtumsoptima haben. Trotzdem wuchsen alle Arten unter
allen hier getesteten Bedingungen. Die acsA Studie hat, übereinstimmend mit den
ix
xWachtumsversuchen, gezeigt, dass alle drei Rhodopirellula Arten in allen von uns unter-
suchten europäischen Küstensedimenten vorkommen, wie auch in Sedimentproben von
den Philippinen.
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Chapter 1
Introduction
1.1 The phylum Planctomycetes
The genus Rhodopirellula belongs to the widespread bacterial phylum Planctomycetes
and together with the phyla Verrucomicrobia, Chlamydiae, Lentisphaerae, and candidate
phyla Poribacteria and OP3 forms the PVC super-phylum (Wagner & Horn, 2006)
(Fig. 1.1). Planctomycetes were first observed in 1924 (Gimesi, 1924) and they were
considered to be fungi until 1972, when they were assigned to Bacteria (Hirsch, 1972).
The first planctomycete was isolated from Lake Lansing, Michigan, USA (Staley, 1973)
and later validly described and named Pirellula staleyi (Schlesner & Hirsch, 1987).
The phylum Planctomycetes comprises the orders Planctomycetales, Phycisphaerales,
Tepidisphaerales and ’Candidatus Brocadiales’, with the families Planctomycetaceae,
Phycisphaeraceae, Tepidisphaeraceae and ’Candidatus Brocadiaceae’, respectively.
Successfully isolated Planctomycetes in pure culture include genera from the fam-
ily Planctomycetaceae, namely Planctomyces (Gimesi, 1924), Pirellula (Schlesner
& Hirsch, 1987), Gimnesia, Planctopirus, Rubinisphaera (Scheuner et al., 2014),
Blastopirellula, Rhodopirellula (Schlesner et al., 2004), Gemmata (Franzmann &
Skerman, 1984), Isosphaera (Giovannoni et al., 1987), Aquisphaera (Bondoso et al.,
2011), Schlesneria (Kulichevskaya et al., 2007), Singulisphaera (Kulichevskaya et al.,
2008), Zavarzinella (Kulichevskaya et al., 2009), Telmatocola (Kulichevskaya et al.,
2012b), Planctomicrobium (Kulichevskaya et al., 2015), Thermogutta (Slobodkina et al.,
2015), Roseimaritima (Bondoso et al., 2015), Rubripirellula (Bondoso et al., 2015),
Bythopirellula (Storesund & Øvreås, 2013), two genera from the family Phycisphaer-
aceae, namely Phycisphaera (Fukunaga et al., 2009) and Algisphaera (Yoon et al., 2014),
and one genus from the family Tepidisphaeraceae, namely Tepidisphaera (Kovaleva
et al., 2015). The order ’Candidatus Brocadiales’ includes the anammox bacteria and
1
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has no cultured representatives. The family ’Candidatus Brocadiales’ includes five
genera: ’Anammoxoglobus’, ’Brocadia’, ’Kuenenia’, ’Scalindua’ and ’Jettenia’ (Jetten
et al., 2010).
Figure 1.1: The 23S ribosomal RNA gene tree illustrating the phylogenetics of plancto-
mycetes and their relationship to a selection of other bacterial phyla, and the Plancto-
mycetes–Verrucomicrobia–Chlamydiae (PVC) superphylum. The monophyly of the PVC su-
perphylum (arrow) was supported regardless of the reference sequences and treeing methods
used. The arrow next to Aquificae indicates the outgroup (the domains Archaea and Eukarya).
The scale bar represents 0.1 substitutions per nucleotide position (Adapted from Glöckner et al.
(2010)).
Planctomycetes show some exceptional properties, such as a budding reproduction and
species-specific intracellular membrane-separated compartmentalization. Planctomycetes
have a characteristic distinctive cell plan in which the cell is divided into two major re-
gions; paryphoplasm and pirellulosome (Lindsay et al., 2001). The paryphoplasm is
a ribosome-free region between the cytoplasmic membrane and an internal membrane
called the intracytoplasmic membrane (ICM). The pirellulosome is an inner region that
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contains the ribosomes and the nucleoid, enclosed by the ICM. Furthermore, the anam-
mox bacteria contain an intracytoplasmic compartment bounded by a single membrane,
the anammoxosome, where the anaerobic oxidation of ammonium with nitrite takes
place. Until recently it was suggested that cells of Gemmata have a nucleoid surrounded
by a double membrane containing the condensed DNA, which resembles the nucleus of a
eukaryotic cell. Recent studies on Gemmata argue that the cell plan in planctomycetes
is similar to the one of Gram-negative bacteria. Santarella-Mellwig et al. (2013) showed
that cells of Gemmata are not compartmentalised and that the cell has an outer mem-
brane and inner membrane which is more or less invaginated. Also, the presence of
genes coding for outer membrane protein assembly and lipopolysaccharide insertion was
detected in several planctomycetes (Speth et al., 2012). Furthermore, it was initially
considered that planctomycetes lack peptidoglycan in the cell wall and instead possess a
proteinaceous cell wall (König et al., 1984, Liesack et al., 1986), but new studies indicate
that they possess a typical peptidoglycan cell wall comparable to that of other Gram-
negative bacteria (Jeske et al., 2015, van Teeseling et al., 2015).
The majority of Planctomycetes proliferate by budding, a rather unusual observation
among Bacteria which normally devide by FtsZ-dependent binary fusion. Planctomycetes
lack protein FtsZ (Pilhofer et al., 2008), which is also absent in planctomycetes that
divide by binary fusion; Phycisphaera mikrensis (Fukunaga et al., 2009) and anammox
bacteria (Niftrik & Jetten, 2012). The mechanism underneath the reproduction in planc-
tomycetes has not been resolved so far.
All planctomycetes described so far, except anammox bacteria, are aerobic or facul-
tative anaerobic chemoheterotrophs using various carbohydrates as primary source of
carbon. Anammox bacteria from ’Candidatus Brocadiales’ are chemoautotrophic, per-
form anaerobic ammonium oxidation and play an important role in the global nitrogen
cycle by converting ammonium and nitrite to dinitrogen gas with nitric oxide and hy-
drazine as intermediates (Strous et al., 2002). The majority of Planctomycetes isolated in
pure culture are mesophilic and neutrophilic, but also some extremophile were isolated.
The thermophilic Isosphaera pallida was isolated from a hot spring (Giovannoni et al.,
1987), the halotolerant Planctomyces brasiliensis was isolated from a hypersaline water
in a salt pit (Schlesner, 1989) and several acidophilic strains were isolated from acidic
peatlands (Kulichevskaya et al., 2012a, 2008, 2007).
Planctomycetes can be found in marine, brackish, fresh water and terrestrial environ-
ments (Kulichevskaia et al., 2005, Neef et al., 1998, Pollet et al., 2011, Schlesner, 1994).
In marine ecosystems they are proposed to play an important role in the global carbon
cycles as they are suggested to be vital components of the "marine snow" (aggregates of
zooplankton, phytoplankton, and/or protists), converting substantial amounts of organic
matter into carbon dioxide (DeLong et al., 1993, Fuerst, 1995, Glöckner et al., 2003).
They have been associated with phytoplankton blooms (Morris et al., 2006, Pizzetti
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et al., 2011a), marine snow particles (DeLong et al., 1993, Fuchsman et al., 2012) and in
association with eukaryotic organisms like prawns, sponges and macroalgae (Bengtsson
& Øvreås, 2010, Bondoso et al., 2014, Fuerst et al., 1997, Izumi et al., 2013, Pimentel-
Elardo et al., 2003). Planctomycetes were also found in several extreme environments
such as desert soils (Andrew et al., 2012), hypersaline environments (Burns et al., 2004,
Schneider et al., 2013), acidophilic habitats (Lucheta et al., 2013) and glacial waters (Liu
et al., 2006, Zeng et al., 2013). FISH studies revealed a remarkable proportion of Planc-
tomycetes in a variety of ecosystems, for example, up to 19% of the cells in marine
sediments seem to be planctomycetes (Musat et al., 2006) and they are also abundant,
but to a lesser degree, in the oceanic pelagial water masses (Glöckner et al., 1999, Pizzetti
et al., 2011a).
1.2 The genus Rhodopirellula
The genus Rhodopirellula and the type strain Rhodopirellula baltica SH1T was first de-
scribed by Schlesner et al. (2004). The genus comprises five validly described species
isolated from different habitats around the world. Rhodopirellula baltica was isolated
from the water column of Kiel Fjord, Germany (Schlesner et al., 2004), Rhodopirellula
rosea from an ark clam Scapharca broughtonii, Korea (Roh et al., 2013), Rhodopirellula
caenicola from the Iron Sand in Japan (Yoshihide Matsuo, 2015), Rhodopirellula rubra
and Rhodopirellula luisitana were isolated from the surface of macroalgae, Portugal (Bon-
doso et al., 2014).
The type strain R. baltica SH1T was the first species isolated and validly de-
scribed (Schlesner et al., 2004). According to the original description, red pigmented
Rhodopirellula cells are ovoid, ellipsoidal or pear-shaped, occurring singly or in rosettes
by attachment at the smaller cell pole and proliferate by budding (Fig. 1.2). Adult cells
are non-motile, display a polar cell organization and are known to attach to surfaces and
to form aggregates enabled by a holdfast substance which is secreted from the vegetative
cell pole. In the life cycle model, monotrichous flagellated juvenile cells disperse from the
reproductive pole of adult, sessile cells. During biomass increase, the motile cells loose
their flagellum and use the holdfast substance to attach in nature to surfaces, e.g. phyto-
plankton, marine snow and sediment particles (Morris et al., 2006) and in culture to each
other forming rosettes (Gade et al., 2005) (Fig. 1.2). It was shown that under ammonium
limitation R. baltica has a free-living lifestyle and the presence of ammonium initiates
the aggregation of cells (Frank et al., 2011). Rhodopirellula plays a significant role in
nutrient cycling processes in marine environments by the mineralization of marine snow
particles (Glöckner et al., 2003). R. baltica SH1T is an aerobic chemoorganotroph and
has a doubling time of approximately 10-14 hours (Rabus et al., 2002). The examination
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Figure 1.2: Microscopic images of R. baltica strains SH1T (a–c) and SH 796 (d). (a) Electron-
microscopic image of a single cell displaying the polar organization of R. baltica cells. R,
Reproduction pole; A, attachment pole; H, holdfast substance. Bar, 0.5 μm. (b) Electron-
microscopic image displaying the intracellular compartmentalization. M, Membrane engulfing
the pirellulosome-like structures. Bar, 0.5 μm. (c) Light-microscopic image of rosette-like ag-
gregates. Bar, 10 μm. (d) Electron-microscopic image of a rosette showing the attachment of
cells via the attachment poles. Bar, 1μm (Adapted from Schlesner et al. (2004)). (e) Schematic
drawing of the life cycle of R. baltica (Adapted from Gade et al. (2005)).
of its physiology revealed that is able to utilise a wide range of substrates (Schlesner
et al., 2004). Substrates used as carbon source comprise a range of monosaccharides,
modified monosaccharides, e.g. N-acetylglucosamine, and polysaccharides like starch or
dextrin can also function as growth substrate. It was shown that N-acetylglucosamine,
which is one of the main substituents of bacterial peptidoglycan and also present in algal
cell walls (Popper et al., 2011, Riemann & Azam, 2002), can be used as sole carbon and
energy source (Rabus et al., 2002).
Rhodopirellula baltica SH1T was the first species of Planctomycetes with a fully sequenced
genome, which consists of 7.145 million basepairs comprising 7325 known open reading
frames (ORFs) plus 72 RNA genes (Glöckner et al., 2003). Genome annotation revealed
the presence of all standard pathways enabling a heterotrophic lifestyle such as glycolysis,
the citrate cycle and oxidative phosphorylation. Surprisingly, all genes involved in the
heterolactic acid fermentation and interconversion of C1 compounds were found, which
was unexpected for this aerobic, heterotrophic strain. Furthermore, an extraordinary
number of genes (110) encoding sulfatases have been found in the genome, suggesting
a strategy for degrading sulfated polysaccharides in the environment (Glöckner et al.,
2003, Wegner et al., 2013). Also, genes for peptidoglycan synthesis were detected, which
was surprising at the time as it was thought these bacteria do not have this molecule in
their cell wall, but recent studies provided evidence for peptidoglycan in cell walls of R.
baltica and other planctomycetes (Jeske et al., 2015, van Teeseling et al., 2015).
The genus Rhodopirellula is widespread and has been found in many marine envi-
ronments, including brackish and marine water from the Kiel Fjord on the Baltic
Sea (Schlesner et al., 2004), meso-eutrophic lakes (Pizzetti et al., 2011b), marine
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snow (DeLong et al., 1993), diatom blooms in Oregon coastal waters (Morris et al., 2006),
tissues of the Mediterranean sponge Aplysina aerophoba (Gade et al., 2004, Pimentel-
Elardo et al., 2003), the giant tiger prawn Penaeus monodon (Fuerst et al., 1997) and
on the biofilm of kelp Laminaria hyperborea (Bengtsson & Øvreås, 2010).
Winkelmann & Harder (2009) developed an improved enrichment isolation protocol and
isolated 70 new strains from European seas that affiliated according to the 16S rRNA gene
analysis with the type strain R. baltica SH1T. Winkelmann et al. (2010) subsequently
analysed the strains with a combination of 16S rRNA sequence comparison, DNA-DNA
hybridisation (DDH) and a newly designed multilocus sequence analysis (MLSA) target-
ing nine housekeeping genes (acsA, guaA, trpE, purH, glpF, fumC, icd, glyA, and mdh).
The genes were chosen according to already existing MLSA designs for other species and
the recommendations for MLSA marker genes. As a result, 13 genetically defined oper-
ational taxonomic units (OTUs) were found, showing a high diversity of Rhodopirellula,
which could not be inferred based solely on the analysis of the 16S rRNA gene. The
phylogenetic tree of concatenated housekeeping genes indicated a correlation between
sample location and OTUs suggesting a limited habitat size of Rhodopirellula in Euro-
pean seas. Isolates of OTU A, including R. baltica SH1T, were restricted to parts of
the Baltic Sea, Skagerrak, and the east coast of the North Sea. Strains of OTU B were
isolated from the southern North Sea to the Mediterranean Sea. Isolates from Scotland
and Iceland indicated a habitat in the North Atlantic (OTU I).
Subsequently, the assignment of the strains into these OTUs was confirmed for the strains
for which a permanent draft genome was available (Kizina et al., 2015, Klindworth et al.,
2014, Richter et al., 2014a,b, Richter-Heitmann et al., 2014, Wegner et al., 2014). The
whole genome average nucleotide identity (ANI) of shared genes between two strains
(Richter and Rosselló-Móra, 2009) confirmed that strains belonging to three OTUs are
different species. Strains SH28, SWK14 and WH47 which form the OTU A, according
to Winkelmann et al. (2010), are strains of R. baltica with an ANI above 97% to strain
SH1T, which is well above the species boundary of 94% (Konstantinidis & Tiedje, 2005).
’Rhodopirellula europaea’ strains 6C and SH398, representing OTU B, have an ANI of
88% to R. baltica SH1T and 96% to each other. ’R. islandica’ strain K833 was assigned
to OTU I, with an average nucleotide identity of 81% to genomes of Rhodopirellula baltica
and ’Rhodopirellula europaea’. The genetic analysis of 70 strains, performed with various
molecular methods, provided a first evidence for biogeographic patterns of Rhodopirellula
in European seas.
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1.3 Biogeography of prokaryotes
Biogeography is the study of the distribution of organisms across space and time.
Prokaryotic biogeography studies the variation of microbial features (e.g. genetic, pheno-
typic, physiological) at different spatial scales, between distantly located sampling sites or
along large environmental gradients (Ramette & Tiedje, 2006). The biogeographic pat-
terns observed in nature and diversity within species are result of mutation, selection,
gene flow and genetic drift (Hanson et al., 2012, Ramette & Tiedje, 2006). By contrast,
composition and diversity among species are result of ecological processes; speciation,
selection, dispersal and ecological drift (Vellend, 2010). Biogeographic patterns in mi-
crobial communities are explained by two factors; the environmental heterogeneity and
demographic history (Martiny et al., 2006). Bass Becking (1934) proposed that in micro-
bial ecology “everything is everywhere, but the environment selects”, suggesting there is
no dispersal limitation and biogeographic patterns solely reflect environmental conditions
and similar environments will harbor similar microbial taxa regardless of the geographic
distance between the environments. A large number of research studies showed that envi-
ronmental factors like pH (Fierer & Jackson, 2006), salinity gradient (Crump et al., 2004)
and temperature (Ward et al., 1998) directly influence the spatial heterogeneity in mi-
crobial communities. But the correlation between one or more environmental factors and
community composition is not an evidence that environmental heterogeneity is the only
factor influencing the observed biogeographical patterns (Fierer, 2008). The opposing
hypothesis is that spatial variability in microbial communities is a product of historical
events; dispersal limitation and past environmental conditions (Martiny et al., 2006). If
dispersal limitation is the primary driver of biogeographical patterns, habitats in close
proximity are more likely to share similar microbial taxa (Fierer, 2008). Cho & Tiedje
(2000) analysed 258 isolates of the bacterial genus Pseudomonas from 10 sites on four
continents and they found that there was a statistically significant association between
genotype and geographical distance, with evidence of migration within sites (within ca.
200 m) but not between sites (across more than 200 m). Whitaker et al. (2003) studied
the genetic diversity of hot spring archaean Sulfolobus from five geographically distinct
regions and found that the geographic distance between hot springs, not the environ-
mental characteristics of the hot springs, explained the biogeographic patterns. While
dispersal limitation is likely to have an important influence on microbial biogeography,
without a thorough assessment of environmental characteristics at each sampled loca-
tion and the temporal heterogeneity in the environmental characteristics, it cannot be
assumed that dispersal limitation has a stronger influence than environmental hetero-
geneity on the observed biogeographical patterns.
Furthermore, it is important to consider how microbial community similarity is mea-
sured in biogeographic studies and what taxonomic levels are considered (Konstantinidis
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et al., 2006). The majority of previous studies have used the 16S rRNA gene as a
standard approach for determining microbial diversity and phylogenetic dissimilarities
between communities and the results suggested that prokaryotes have a cosmopolitan
distribution at domain, class and genus level. Because of the conserved nature and the
low phylogenetic resolution to distinguish between closely related species, the 16S rRNA
gene is probably an inappropriate gene to target fine biogeographic structures in envi-
ronmental studies (Ramette & Tiedje, 2006). Furthermore, the forces of selection, drift,
dispersal and mutation are likely to act differently on a functional gene than on the 16S
rRNA gene (Rivera et al., 1998), potentially influencing the biogeographic patterns of
microbial communities in distinct ways.
Gibbons et al. (2013) conducted a deep sequencing of a marine sample from a single
location in the Western English Channel and clustered 16S rRNA gene sequences into
OTUs based on the 97% sequence similarity which produced significant overlap with
OTUs from a range of marine habitats around the world. Based on the results, the same
authors suggested that the global ocean contains a persistent microbial seed bank and
that variation in microbial community composition across temporal or spatial gradients
reflect shifts in the relative abundance of taxa rather than their presence or absence,
essentially, that ’everything is everywhere’. But this was inferred from the results of
phylogenetic distribution of 16S rRNA genes. Geographically localized evolution and
natural selection is likely to influence the variability in genome sequences between spa-
tially distant but phylogenetically similar organisms. In the study on fluorescent Pseu-
domonas (Cho & Tiedje, 2000), isolates displayed a cosmopolitan and weakly endemic
distribution based on the 16S rDNA and ITS restriction analyses, respectively, whereas
the use of whole-genome fingerprinting methods (rep-PCR) revealed that nearly all fluo-
rescent Pseudomonas genotypes were endemic to one geographic area, with little overlap
between regions and sites. Whitaker et al. (2003) showed that the concatenation of the
sequences of nine protein coding genes was necessary to obtain enough resolution to
indicate endemic clades of hotspring archaean Sulfolobus, whereas the analysis of those
gene sequences taken individually could not provide that level of resolution.
Winkelmann & Harder (2009) isolated 70 strains of the genus Rhodopirellula from Euro-
pean coastal seas and sediments, which affiliated according to 16S rRNA gene analysis
with the strain Rhodopirellula baltica SH1T. In a multilocus sequence analysis (MLSA)
of nine functional genes and in combination with DNA–DNA hybridization experiments,
those isolates were arranged into 13 operational taxonomic units, showing a high genetic
diversity and limited habitat size of Rhodopirellula in Europe (Winkelmann et al., 2010).
Taken together, microorganisms display biogeographic patterns and microbial communi-
ties are not homogeneous across habitat-types. The combination of methods of increasing
resolving power will allow a better understanding of ecologically meaningful genetic and
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physiological differences which are enabling different microorganisms to colonize distinct
niches.
1.4 The microbial species concept
Various concepts and definitions have been suggested for microbial species, and although
the discussion has reached a certain maturity, the development of novel techniques still fu-
els an ongoing debate. Rosselló-Mora & Amann (2001) proposed a phylo-phenetic species
concept in which a species is “a monophyletic and genomically coherent cluster of indi-
vidual organisms that show a high degree of overall similarity with respect to many
independent characteristics and is diagnosable by a discriminative phenotypic property”.
In practice, a prokaryotic species is considered to be a group of strains that are char-
acterized by a certain degree of phenotypic consistency, share more than 70% of the
whole genome similarity determined by DNA-DNA hybridization method (DDH) and
over 97% of 16S ribosomal RNA (rRNA) gene-sequence identity (Stackebrandt et al.,
2002). DNA–DNA hybridization (DDH) has been introduced in the 1960s (Schildkraut
et al., 1961) and since then it has been the ’gold standard’ for bacterial species delineation
as it provides an objective threshold for species boundary, for which 70% DDH was sug-
gested and is widely used (Tindall et al., 2010, Wayne & Brenner, 1987). In the 1970s,
the work of Carl Woese and colleagues on rRNA genes has revolutionized the microbial
taxonomy (Balch et al., 1977, Fox et al., 1980, Woese & Fox, 1977). It was shown that
the 16S rRNA gene could be used to infer phylogenesis between microorganisms due to
the universality and conserved structure in the nucleotide sequence (Woese, 1987). How-
ever, the resolving power of 16S rRNA gene sequences is limited when closely related
organisms are being inspected (Stackebrandt & Goebel, 1994). As bacterial species is
composed of different geno- and phenotypes, there is even more structural and functional
diversity below the species level (Schloter et al., 2000). The term "microdiversity" has
been used to describe the phenomenon of phylogenetically closely related but physiologi-
cally distinct co-occuring bacterial populations (Moore et al., 1998). In the last decades,
97% similarity in the 16S rRNA gene sequence was widely accepted for the delineation of
microbial species based on the fact that two strains which have less than 97% similarity
in the 16S rRNA gene sequence usually share less than 70% DDH. However, the inves-
tigation of bacterial phylogeny using only differences in 16S rRNA gene sequences has
limitations due to the high degree of conservation of this gene. For 16S rRNA gene sim-
ilarity values higher than 97%, DNA–DNA hybridization (DDH) is necessary to identify
the relatedness of different strains. Two organisms can have almost identical 16S rRNA
gene sequences and still can be recognized as two different species based on DDH (Fox
et al., 1992). The accumulated experimental evidence resulted in a recommendation of
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a higher cut-off value between 98.7 and 99% in the 16S rRNA gene sequence similarity
for which DDH would be necessary (Stackebrandt & Ebers, 2006).
A higher phylogenetic resolution can be obtained by performing phylogenetic analyses
based on protein coding (housekeeping) genes. Housekeeping genes are used for this pur-
pose as they evolve relatively slowly (though more rapidly than 16S rRNA genes) but at
the constant rate and have a better taxonomic resolution power, focusing at the species
level. Furthermore, housekeeping genes are expected to be present in all strains of a genus
as they encode products that are likely to be essential to the bacteria (Hanage et al.,
2006). Different studies have shown that genes coding for ribosomal proteins, DNA-
linked protein or the amino-acyl synthetases can be used as phylogenetic markers (Case
et al., 2007, Konstantinidis et al., 2006, Ramette & Tiedje, 2006, Santos & Ochman,
2004, von Mering et al., 2007, Wu et al., 2013). The cpn60 or rpoB genes provide
more phylogenetic resolution than the 16S rRNA gene (Case et al., 2007, Schellenberg
et al., 2009). The rpoB gene has been used as a phylogenetic marker for several bacte-
ria, e.g. for Aeromonas (Kupfer et al., 2006), Corynebacterium (Khamis et al., 2004),
Staphylococcus (Drancourt & Raoult, 2002), Leptospira and Acinetobacter (Scola et al.,
2006a,b). Protein coding genes can be used at both the amino acid and nucleotide levels
for phylogenetic analysis. Protein alignments allow for the resolution of relationships at
higher taxonomic levels (domain or phylum), whereas nucleotide alignments allow for
resolution of relationships on the species level or below, as the alignments detect syn-
onymous substitutions in codon positions, which usually do not change the amino acid
composition in closely related organisms (Case et al., 2007). Although protein coding
genes like rpoB are suitable to resolve phylogenetic relationships on the lower taxonomic
level, like it was shown for the order Planctomycetales (Bondoso et al., 2013), the sat-
uration of all third codon positions over a long evolutionary timescale makes it difficult
to design universal primers for all species in the domain Bacteria. Moreover, single gene
sequence phylogeny only reflects the evolution of the single gene, which may not reflect
the “true” phylogenetic relationship, thus a multilocus sequence analysis has been sug-
gested as a phylogenetic tool to clarify bacterial species with a higher resolution (Gevers
et al., 2005, Glaeser & Kämpfer, 2015). MLSA is based on phylogenetic reconstructions
of concatenated partial sequences of several (at least 5 genes) housekeeping genes and
this approach may show significantly better resolution than 16S rRNA-gene based phy-
logenies. MLSA studies revealed its applicability to marine isolates and the analysis of
biogeographic patterns: Alteromonas macleodii isolates were grouped in an epipelagic
and an abyssal clade (Ivars-Martínez et al., 2008), and strains of Pseudomonas aerug-
inosa were genetically well separated into groups of coastal and oceanic origin (Khan
et al., 2008). Also, MLSA targeting nine housekeeping genes was designed and applied
to the novel strains of Rhodopirellula, which revealed high genetic diversity and a biogeog-
raphy in European coastal seas. This finding could not be inferred based solely on 16S
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rRNA gene sequences, because several species had 16S rRNA gene similarities of above
99.5% (Winkelmann et al., 2010). Although MLSA have been suggested not only as a
high resolution phylogenetic tool but also as a altenative to DDH, universal thresholds
or a number and set of genes have not been recommended (Gevers et al., 2005, Glaeser &
Kämpfer, 2015, Stackebrandt et al., 2002). With the advent of rapid genome sequencing,
experimentally complex and error-prone DDH is being replaced by determination of the
whole genome average nucleotide identity (ANI) of shared genes between two strains. It
was shown that ANI values of 95–96% correspond to a DDH value of 70%, and can be
used as a boundary for species delineation (Kim et al., 2014, Konstantinidis & Tiedje,
2005). The ANI values between 93% and 96% represent an intermediate zone and the
classification of the organisms into different or the same species depends on the decision
of the taxonomist (Rosselló-Móra & Amann, 2015).
The phylo-phenetic classification is currently restricted to cultured strains. As most of
the environmentally occurring microorganisms are reluctant to cultivation (Amann et al.,
1995), the cultured microorganisms represent only a minor fraction of the real diversity
of organisms and sequences (Yarza et al., 2014).
1.5 Assessing microbial diversity in the environment
The biosphere is dominated by microorganisms and contains about 4–6·1030 prokaryotic
cells (Whitman & Coleman, 1998). With the rise of molecular genetic tools in micro-
bial ecology, it became apparent that the vast majority of global microbial diversity was
largely underestimated by culture dependent methods. The major limitation of culture-
based techniques is that >99% of the microorganisms are not cultivable by standard
culturing techniques (Hugenholtz, 2002). Development of culture-independent methods
and their employment to study microbes in their natural environments has enhanced the
knowledge of prokaryote abundance, diversity, and function.
Different molecular tools are used to study different aspect of the microbial community.
Amplicon clone libraries are used to study microbial diversity, fluorescent in situ hy-
bridization (FISH) for the community quantification, and fingerprinting methods such
as denaturing gradient gel electrophoresis (DGGE) and terminal restriction fragment
length polymorphism (T-RFLP) analysis are used to study community dynamics. The
most widely used approach to investigate environmental microbial diversity was cloning
and traditional Sanger’s dideoxy sequencing (Sanger et al., 1977) of the 16S riboso-
mal RNA gene (rDNA). The obtained sequences are compared to known sequences in a
database such as GenBank (Benson et al., 2013), SILVA (Quast et al., 2013) or Green-
genes (DeSantis et al., 2006) and taxonomically assigned to phylum, class, order, family,
genus, or species at sequence similarity thresholds of 75, 78.5, 82, 86.5, 94.5, or 98.7%,
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respectively (Yarza et al., 2014). Although this method provides access to high quality
and full-length sequences, it is a tedious labor, time consuming and expensive method
which yields limited numbers of sequences and therefore reveals only a small portion of
the microbial diversity present in the environment. With the advent of next-generation
sequencing (NGS) technologies, direct sequencing of PCR amplicons became feasible
(Armougom & Raoult, 2009, Mardis, 2008). The NGS technologies are capable of gen-
erating millions of reads at low cost with high speed and allow investigations in depth
of the microbial communities. Next-generation sequencing platforms such as Roche/454,
Illumina/Solexa, Life/APG and Pacific Bioscience are much faster and less expensive
than traditional Sanger’s dideoxy sequencing of cloned amplicons. Also, sequencing of
low number of clones captures only the dominant components of microbial communities,
whereas NGS has the ability to uncover the ’rare biosphere’ (Gibbons et al., 2013, Sogin
et al., 2006). Another advantage of using the NGS techniques is that multiple environ-
mental samples can be combined in a single run, and after sequencing, the reads from
different samples can be separated through their assigned nucleotide barcode, which is
added in templates during the amplification step.
Classification of organisms based on the level of sequence identity between their 16S
rRNA gene has become a standard in microbial ecology studies. Microbial taxa are
classified into operational taxonomic units (OTUs), defined by the nucleotide sequence
similarity, usually 97 to 98% (Gevers et al., 2005), and then used in the alpha and beta
diversity analysis of microbial communities in the environment (Caporaso et al., 2010,
Schloss et al., 2009). However, due to the low taxonomic resolution of the 16S rRNA
gene, sequences clustered into a single OTU can show ecologically meaningful genetic
and physiological differences, allowing them to colonize distinct niches (Hahn & Pöckl,
2005, Moore et al., 1998). Recently, Eren et al. (2013) implemented an entropy based
technique “oligotyping”, that classifies closely related 16S rRNA sequences into oligo-
types (OTs), based on the position specific subtle nucleotide variation. Oligotyping uses
Shannon entropy to identify information-rich positions within the OTU and then uses
those positions to partition sequence data into high-resolution groups, which allows the
identification of taxa that differ by a single nucleotide in the sequenced region. While
oligotyping requires preclustering of the dataset in the OTUs, an unsupervised oligotyp-
ing version, Minimal Entropy Decomposition (MED) (Eren et al., 2015a), partitions the
whole dataset into homogenous OTUs (MED nodes) that serve as input to alpha and beta
diversity analyses. Oligotyping has been applied in investigations of human-associated
microbes (Eren et al., 2014, 2015b), aquatic (Eren et al., 2013) and wastewater environ-
ments (McLellan et al., 2013) and those studies revealed that subtle nucleotide variations
can be associated with distinct environments, different seasons, hosts, or epidemiologi-
cal states. Buttigieg & Ramette (2015) investigated biogeographic patterns of bacterial
microdiversity in Arctic deep-sea sediments and found that variation in oligotypes from
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a single OTU clustered at 97% were related to environmental parameters such as water
depth, biomass and sedimentary pigment concentration.
Besides low phylogenetic resolution, multiplicity and variability of the 16S rRNA genes in
the genome represent problems for the assessment of bacterial diversity and community
structure. Number of 16S rRNS genes per genome can vary from 1 up to 15 (Klappen-
bach et al., 2001) and in most cases 16S rRNA gene sequences within the species differ
by >1% (Pei et al., 2010), but also higher level of nucleotide divergence are observed, up
to 11.6% were detected in thermophilic bacteria (Acinas et al., 2004). Also, variabilities
in the 16S rRNA gene sequence that are introduced by sequencing errors could affect
final interpretation of microbial diversity in the environment. The extent and nature of
sequencing error varies between platforms (Harismendy et al., 2009) and the quantifica-
tion of the rate at which this error occurs is particularly relevant to separate the error
from real genetic variation (Archer et al., 2012).
To avoid the problems of low resolution, sequencing errors, and multiple and variable
16S rRNA copies within bacterial genomes, single-copy housekeeping genes have been
proposed as potential phylogenetic markers (Case et al., 2007, Roux et al., 2011, Schel-
lenberg et al., 2011, Vos et al., 2012). For protein coding gene, sequence errors can be
readily identified and removed if they introduce disruptions in the reading frame. How-
ever, protein coding gene proposed as phylogenetic markers have so far only been tested
on cultivated bacteria (Case et al., 2007) and have not yet been proven to be suitable for
microbial ecology. Moreover, the degeneracy of protein sequences makes the design of
universal primers difficult. Although universal primers have been designed for the cpn60
gene (Schellenberg et al., 2011), the major limitation of using protein marker genes is the
limited number of reference sequences in the public databases compared to 16S rRNA
gene sequences, which makes this gene still the most widely used phylogenetic marker
for assessing microbial diversity in the environment.
1.6 Aims of the study
Members of the genus Rhodopirellula play a significant role in nutrient cycling processes
which makes them an important component of microbial communities in widely dis-
tributed and diverse marine habitats. Cultivation of Rhodopirellula stains revealed the
presence of several closely related species in European coastal seas and sediments and it
was suggested that those species have a limited habitat size in Europe. The use of strains
to perform diversity and biogeographic studies is a laborious task and does not offer the
complete view of the distribution of Rhodopirelulla species in the marine environments.
The most commonly used phylogenetic marker gene in current diversity studies is the 16S
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rRNA gene, however, due to the conserved nature, this gene lacks resolution to differen-
tiate closely related species, which also holds true for Rhodopirellula species. Availability
of genome sequences of ten Rhodopirellula strains enabled identification of functional
genes suitable for diversity and biogeography studies.
To investigate the diversity of Rhodopirellula species in an environmental sample,
the cultivation-independent amplification of a functional gene was promising utilising
primers designed to target a gene region that resolves the whole-genome relationships
of Rhodopirellula species and using the next generation sequencing technology (NGS) to
obtain an in-depth coverage of the diversity in the North Sea sediment.
Previous cultivation studies and genetic analysis of Rhodopirellula strains showed evi-
dence for a biogeography in European seas with different species of Rhodopirellula re-
stricted to different regions in Europe. To characterize the physiology of three species,
R. baltica, ‘R. europaea’ and ‘R. islandica’, isolated from different regions, growth ex-
periments were planned for a broad range of temperature, salinity and light conditions.
To further investigate the biogeography of those three species in the coastal sediments
around Europe, a cultivation-independent amplification of a functional gene with primers
designed to specifically target those species was approached in combination with next
generation sequencing (NGS) to obtain sufficient coverage and to get a new insight into
the biogeography of Rhodopirellula.
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2.1 Abstract
The planctomycete strain K833 was isolated from cold waters at the coast of Island and is
tentatively named ‘Rhodopirellula islandica’. It has a lower temperature range for growth
than other genome-sequenced Rhodopirellula strains affiliating to Rhodopirellula baltica
and ‘Rhodopirellula europaea’. The permanent draft genome of strain K833 was obtained
as part of a larger study on the biogeography of Rhodopirellula species in European
marine waters. The genome consists of 55 contigs with a genome size of 7,433,200 bp.
With an average nucleotide identity of 81% to related genomes of Rhodopirellula baltica
and ‘Rhodopirellula europaea’ and more than 4000 common genes, it will be a valuable
source for the study of temperature adaptation of planctomycete genomes.
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2.2 Introduction
Rhodopirellula is a genus of marine Planctomycetes which are unusual bacteria lacking
a murein saculus in the membrane. Planctomycetes live frequently attached to surfaces.
They are abundant in the particulate fractions of marine ecosystems and are considered
as important participants in the global carbon and nitrogen cycles. Rhodopirellula baltica
SH1T was the source for the first planctomycete genome (Glöckner et al., 2003). A col-
lection of 70 Rhodopirellula strains obtained from different European seas (Winkelmann
& Harder, 2009) revealed 13 distinct operational taxonomic units (OTUs) (Winkelmann
et al., 2010). Eight strains were sequenced which covered sample sites from the Baltic
Sea to the Mediterranean Sea (Klindworth et al., 2014, Richter et al., 2014a,b, Richter-
Heitmann et al., 2014, Wegner et al., 2014). ‘Rhodopirellula islandica’ strain K833
(J¯CM 17612 D¯SM 24040) was isolated from a water sample on the coast of Sandgerdi,
Island (64.0356N 22.6986W) (Winkelmann & Harder, 2009) and features in electron mi-
crographs the typical structures of the genus: swarming motile cells with a flagellum,
attached-living cells often form rosettes, the reproductive pole also features small flagella-
like structures (Fig. 2.1). In a comparative growth study performed in triplicates, cells
pre-cultured on M13a agar plates were inoculated into 250 ml flasks that contained 50
ml of M13 medium in artificial seawater at 35 per mille salinity. The culture flasks were
incubated rotating at 50 rpm in the dark at 14, 21, 28 or 37 ◦C (Fig. 2). Strain K833 did
not grow at 37 ◦C in contrast to the other strains, whereas Rhodopirellula baltica SH1T
grew and ‘Rhodopirellula europaea’ 6C had the highest growth rate. At 14 ◦C, strain 6C
had a long lag phase before growth started and strain K833 showed the highest growth
rate of the strains (Fig. 2.2). Thus, the strains are a valuable source to investigate the
genomic features of temperature adaptation in microorganisms.
2.3 Data description
Genomic DNA of strain K833 was sequenced by the Illumina MiSeq technology at the
Max Planck-Genome-centre Cologne. 5494521 paired-end reads of 250 bp were dynami-
cally trimmed with SolexaQA v.2.2. (Cox et al., 2010) and normalized with khmer 1.0
(Crusoe et al., 2014). 1462500 high-quality reads were assembled with SPades (Banke-
vich et al., 2012). Contigs were de-novo assembled in Geneious R8 (Biomatters, Auck-
land, New Zealand) to remove duplications and reads were mapped onto contigs with
BBtools to identify possible contig elongations. The mapping reads were reassembled
using the first assembly as trusted assembly in Spades. After six rounds, the assembly
was stable and CheckM 0.9 indicated a completeness of 99.93% with a contamination
value of 0.0% (Parks et al., 2014). The genome was annotated in RAST (Aziz et al.,
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Figure 2.1: Electron micrographs of cells of ‘Rhodopirellula islandica’ strain K833: free-living
swarmer cell (upper left), sessile cells (middle left), budding cell (right) and reproductive pole of
a cell in transition from swarming to sessile life style (lower left). Preparation and EM conditions
were as described in Hahnke et al. (2014).
2008). The genome encodes 6851 proteins, 54 tRNAs and 3 rRNAs (Table 2.1). These
values are in the range of previous observations for genomes of Rhodopirellula strains,
with over 7 Mb and over 6000 predicted open reading frames each, and reflect the com-
plex lifestyle of the planctomycetes. The average nucleotide identity between strains was
determined by JSpecies (Richter & Rosselló-Móra, 2009) and is 81.2% between strain
K833 and strain SH1T, 81.4% between strain K833 and strain 6C, and 88.1% between
strain SH1T and strain 6C, indicating a very close relationship between the three species.
Pairwise analysis by reciprocal best match BLAST in RAST revealed 4241 genes present
in both strain K833 and R. baltica SH1T. This high number reflects the close relation
between the two species as predicted by 16S rDNA and ANI analysis. The sessile lifestyle
of planctomycetes comprises life in oxygen-limited biofilms. The K833 genome codes for
the synthesis of menaquinone, the typical quinone of microaerophiles, and a menaquinone
(vitamin K)-dependent gamma-carboxylase that is not present in R. baltica SH1T. The
genome of strain K833 codes not only for cbb3-type cytochrome c and cytochrome d ter-
minal oxidases – well known for their high affinity to molecular oxygen -, but also for a
periplasmatic nitrate reduction pathway as alternative electron acceptor which is lacking
in R. baltica SH1T. Thus, the bacterium is well adapted to microoxic-anoxic transistion
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Figure 2.2: Effect of temperature on growth of ‘R. islandica’ K833. Error bars indicate the
standard deviation of the mean of optical density (OD) for three cultures.
zones that occur frequently in coastal sediments. A feature of these transition zones
is fermentation yielding an acidification. In contrast to the R. baltica SH1T, the K833
genome contains a glutamate decarboxylase (EC 4.1.1.15) conferring acid-resistance. It
has also some unique sulfatases and glycosyl hydrolases. Unusual is the presence of traG
and traI genes within a region encoding hypothetical proteins, indicating a potential for
genetic transfer.
Table 2.1: Genome features
’R. islandica’ strain K833
Size (bp) 7,433,200
Contigs 55
GC content (%) 57.2
Coding (%) 88
CDS 6851
rRNA genes 3
tRNA genes 54
ANI [%]1,3 81.2 %
16S rDNA identity2 99.54 %
1,2Compared to the type strain Rhodopirellula baltica SH1T (Glöckner et al., 2003)
3Calculated by using the software JSpecies (Richter & Rosselló-Móra, 2009)
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2.4 Nucleotide sequence accession number.
This Whole Genome Shotgun project has been deposited at DDBJ/EMBL/GenBank
under the accession LECT00000000. The version described in this paper is version
LECT01000000. The sequence associated contextual (meta)data are MIxS compliant
(Table 2.2, Yilmaz et al., 2011).
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Table 2.2: Genome and environmental features
Item description
MIGS data
investigation_type bacteria_archaea
project_name K833
collected_by Julia Strahl
collection_date 18-May-2005
lat_lon 64.0356 N 22.6986 W
depth 0 m
alt_elev NA
country Iceland
environment marine water
ref_biomaterial http://dx.doi.org/10.1128/AEM.01525-09
biotic_relationship free living
trophic_level heterotroph
rel_to_oxygen aerobe
isol_growth_condt http://www.ncbi.nlm.nih.gov/pubmed/19303037
sequencing_meth Illumina MiSeq
num_replicons NA
assembly SPAdes 3.5
finishing_strategy draft
annot_source RAST
estimated_size 7433200
biome ENVO:00000569
feature ENVO:02000049
material ENVO:00002150
geo_loc_name Sandgerdi, Iceland
sample-material Surface water from the beach
source_mat_id DSM 24040
temp 7 degC
salinity 34,6 PSU
Motility yes
Genome assembly data
Assembly Method SPAdes v. 3.5.
Assembly Name K833
Genome Coverage 370x
Sequencing Technology Illumina MiSeq
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3.1 Abstract
Rhodopirellula is an abundant marine member of the bacterial phylum Planctomycetes.
Cultivation studies revealed the presence of several closely related Rhodopirellula species
in European coastal sediments. Because the 16S rRNA gene does not provide the desired
taxonomic resolution to differentiate Rhodopirellula species, we performed a comparison
of the genomes of nine Rhodopirellula strains and six related planctomycetes and identi-
fied carB, coding for the large subunit of carbamoylphosphate synthetase, as a suitable
molecular marker. In this study we investigated the diversity of Rhodopirellula in coastal
intertidal surface sediments of Sylt island, North Sea, using the 16S rRNA and carB genes
as molecular markers. The carB clone and pyrosequencing libraries revealed the presence
of 12 species of Rhodopirellula and of 66 species in closely related undescribed genera, a
diversity that was not detected with a 16S rRNA gene library. This study demonstrates
that the carB gene is a powerful molecular marker for detecting Rhodopirellula species
in the environment and may be used for the taxonomic evaluation of new strains.
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3.2 Introduction
The genus Rhodopirellula belongs to the widespread bacterial phylum Planctomycetes in
the Planctomycetes-Verrucomicrobia-Chlamydiae (PVC) super-phylum (Wagner & Horn,
2006). The planctomycetes possess phenotypic characteristics unusual for the domain
Bacteria, including reproduction by budding, and an intracellular membrane-bounded
compartmentalization which extent varies between species (Fuerst & Sagulenko, 2011,
Santarella-Mellwig et al., 2013, Speth et al., 2012). Recently, cyro transmission electron
microscopy and cyro electron tomography studies provided evidence for a peptidogly-
can layer (Jeske et al., 2015, van Teeseling et al., 2015). Planctomycetes are abundant
and highly diverse and have been proposed to contribute to the global carbon cycle by
turnover of complex carbohydrates in marine sediments and marine snow (Glöckner
et al., 2003). Planctomycetes include free-living as well as attached-living organisms.
Members have been associated with phytoplankton blooms (Morris et al., 2006, Pizzetti
et al., 2011) marine snow particles (DeLong et al., 1993, Fuchsman et al., 2012, Gade
et al., 2004) and in association with several eukaryotic organisms like prawns and
sponges (Fuerst et al., 1997, Izumi et al., 2013, Pimentel-Elardo et al., 2003). Several
Planctomycetes belonging to new genera or new Rhodopirellula species were isolated from
the microbial community on macroalgae (Bengtsson & Øvreås, 2010, Lage & Bondoso,
2011). Winkelmann et al. (2010) isolated 70 strains from European seas, which affiliated
according to 16S rRNA gene analysis with the strain R. baltica SH1T. In a multilocus
sequence analysis (MLSA) and in combination with DNA–DNA hybridization experi-
ments, those isolates were arranged into 13 operational taxonomic units suggesting a
high diversity of Rhodopirellula, which could not be deduced using the 16S rRNA gene
solely as a marker gene (Winkelmann et al., 2010).
The 16S rRNA gene is a powerful marker for classification of microorganisms and the
taxonomic resolution of this gene enables the differentiation of genera, but not of closely-
related species in a genus (Yarza et al., 2014). Therefore, the bacterial species definition
can never be based solely on sequence similarity of 16S rRNA genes. Two organisms
with almost identical 16S rRNA gene sequences can still be recognized as two different
species based on DNA-DNA hybridisation (DDH) (Fox et al., 1992). Stackebrandt &
Ebers (2006) recommended that above a value between 98.7 and 99% in the 16S rRNA
gene sequence similarity DDH would be necessary. With the advent of rapid genome
sequencing, DDH is being replaced by determination of the average nucleotide identity
(ANI) of shared genes between two strains (Richter & Rosselló-Móra, 2009). Konstan-
tinidis & Tiedje (2005) showed that ANI values of 94–95% correspond to 70% similarity
in DNA-DNA hybridization experiments, the current standard of the species definition.
Besides the 16S rRNA gene, other molecular markers can be used to resolve bacterial phy-
logenetic relationships. Recently, the rpoB gene, coding for the beta subunit of the RNA
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polymerase, has been used for the taxonomic affiliation of Planctomycetes strains (Bon-
doso et al., 2013).
The aim of this study was to investigate the diversity of Rhodopirellula in sandy in-
tertidal sediments of Sylt island, Germany, using as molecular markers 16S rRNA and
carB genes, the latter coding for the large subunit of carbamoylphosphate synthetase.
The carB gene was selected based on a comparison of genomes of nine Rhodopirellula
strains (Glöckner et al., 2003, Klindworth et al., 2014, Richter et al., 2014a,b, Richter-
Heitmann et al., 2014, Wegner et al., 2014) and six related planctomycetes following the
requirements for candidate genes used in a species prediction (Stackebrandt et al., 2002).
3.3 Materials and methods
3.3.1 Sampling and DNA extraction
Samples from the upper 2 cm of sandy coarse sediment were obtained from two locations,
Hausstrand beach (55.01518 N, 8.43814 E) and Weststrand beach (55,03840 N 8,38490
E) on the coast of Sylt island, Germany. Samples were collected into 15 ml falcon tubes
and frozen at -80◦C till further processing. Genomic DNA was extracted from 500 mg
of sediment using FastDNA R⃝ Spin Kit for Soil (MP Biomedicals, USA) according to
manufacturer instructions. The quantity and quality of extracted DNA was determined
with a NanoDrop 100 Spectrophotometer (Thermo Fisher Scientific, USA) followed by
agarose gel electrophoresis and ethidium bromide (EtBr) staining.
3.3.2 PCR amplification of 16S rRNA gene
The general bacterial 16S rRNA gene forward primer 8-27F (Juretschko et al., 1998) and
the planctomycete-specific reverse primer PLA886 (Neef et al., 1998) were used to amplify
partial 16S rRNA gene in a 30 μl of PCR mixture containing 10-15 ng of genomic DNA,
3.3 μM of each primer and 15 μl of GoTaq R⃝ Hot Start Colorless Master Mix (Promega,
USA). The template DNA was denatured for 4 min at 94◦C, followed by 30 cycles of 1
min at 94◦C, 1 min at 65◦C, 3 min at 72◦C, and a final extension of 10 min at 72◦C.
3.3.3 Design and PCR amplification of carB gene
Alignments of functional genes that were present in single copy in nine Rhodopirellula
and six other planctomycetes genomes (Blastopirellula marina, Gemmata obscuriglobus,
Planctomyces maris, Planctomyces limnophilus, Planctomyces staleyi and Kuenenia
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stuttgartiensis) were used to identify suitable marker genes. Criteria for marker gene
regions included a unique PFAM model, an annotated function, two conserved re-
gions flanking 500-800 bases of high variability, and primer sites conserved in all nine
Rhodopirellula genome and very different in the other planctomycetal genomes. Genes
were selected after manual alignment inspection of 373 candidate genes and primers were
designed using the conservation plots. For the carB gene, a forward degenerated primer
at the position 2095-2114 (5’ -GCHCGBAACATGGAMGAAGC-3’ ) and a reverse de-
generated primer at the position 2827-2808 (5’ -CVGCGAKTTGGCTYTTKGCR-3’ )
were highly specific for Rhodopirellula strains and used to generate 693bp long carB am-
plicons. The PCR mixture contained 10-15 ng of genomic DNA, 3.3 μM of each carB
primer, and a 2x PCR master mix (Promega, USA) in 25 μl volume. The template DNA
was denatured for 4 min at 94◦C, followed by 40 cycles of 1 min at 94◦C, 1 min at 60◦C,
3 min at 72◦C, and a final extension of 10 min at 72◦C.
3.3.4 Gene library construction and sequencing of 16S rRNA gene and
carB amplicons
16S rRNA gene and carB PCR amplicons were purified on SephadexTM G-50 Superfine
columns (Amersham Biosciences AB, Uppsala, Sweden) and ligated into the vector pCR4
applying the TOPO R⃝ TA cloning (InvitrogenTM, USA). Inserts were sequenced using
the BigDye Terminator v3.1 Cyle Sequencing Kit (Applied Biosystems, Carlsbad, CA,
USA) on an ABI PRISM 3130xl Genetic Analyzer.
3.3.5 454 pyrosequencing of carB amplicon
In addition to the clone library, a carB amplicon from a Hausstrand sample was an-
alyzed by 454 pyrosequencing. PCR amplification was performed in two steps. First
PCR amplicons were obtained according to the aforementioned protocol with 20 cycles
of amplification. The PCR products were purified with the QIAquick R⃝ PCR purifica-
tion kit (Qiagen, Hilden, Germany) and 1 μl of purified PCR amplicon was used for
a second PCR amplification with fusion primers according to the aforementioned pro-
tocol for 20 cycles. Fusion primers contained in front of the carB primers a linker
required for 454 sequencing; forward fusion primer (5’ - GATGGCCATTACGGCC -
GCHCGBAACATGGAMGAAGC-3’ ), reverse fusion primer (5’ - GGTGGCCGAG-
GCGGCCACACGT - CVGCGAKTTGGCTYTTKGCR-3’ ). The amplicon was purified
and sequenced on a 454 GS FLX sequencer at the Max Planck Genome Centre, Cologne.
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3.3.6 Analysis of 16S rRNA gene and carB clone library sequences
16S rRNA gene and carB sequences were analyzed with Sequencing Analysis 5.2 (Ap-
plied Biosystems, Carlsbad, CA, USA) and truncated within Sequencer 4.6 (Gene Codes,
Michigan, USA). The 16S rRNA gene sequences were aligned in ARB software (Ludwig
et al., 2004) using the SINA aligner (Pruesse et al., 2012). Manual refinement was
conducted by comparison with their closest relatives. The carB sequences were first
translated into protein sequences and visually inspected for the presence of stop codons.
Translated sequences were aligned with MAFFT (Katoh & Standley, 2013) and the nu-
cleotide sequence alignment was generated according to the protein alignment. Distance
matrices of 16S rRNA gene and carB sequences were calculated using the neighbor-
joining method as implemented in ARB. OTU clustering was performed based on those
matrices using the software Mothur v 1.29.1 (Schloss et al., 2009). Representative OTU
sequences were used to calculate phylogenetic maximum likelihood (ML) trees in ARB
using RAxML 7.0.4 (Stamatakis, 2006) with 50% minimal similarity filter.
3.3.7 Analysis of carB pyrosequencing reads
Pyrosequencing reads were first processed in Mothur. The analysis included removal
of primer sequences, quality control to remove sequences with ambiguous nucleotides,
denoising and removal of chimeric sequences using the UCHIME algorithm (Edgar et al.,
2011). Sequences were translated, inspected for stop codons and aligned with MAFFT.
The corresponding nucleotide sequence alignment was generated according to the pro-
tein alignment. A distance matrix was calculated using the neighbor-joining method as
implemented in ARB and OTU clustering was performed based on that matrix using the
software Mothur. OTU representatives of 454 reads were aligned together with the OTU
representative sequences of the carB clone libraries and the alignment confidence scores
were assessed using the GUIDANCE algorithm (Penn et al., 2010b) implemented in the
GUIDANCE web server (Penn et al., 2010a). Sequences below the confidence score of
0.826 were removed from the analysis. The 454 reads were then placed in the reference
ML carB tree using the evolutionary placement algorithm (EPA) (Berger et al., 2011)
implemented in RAxML 8 (Stamatakis, 2014).
3.3.8 Accession numbers
The 16S rRNA and carB nucleotide sequences of environmental origin and of strains
obtained in this study were deposited in the Genbank under accession numbers
KT283954-KT284072, KT284073-KT284305, KT284306-KT284310 respectively. The
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carB gene 454 sequencing SFF file was deposited to the NCBI Sequence Read Archive
(http://www.ncbi.nlm.nih.gov) under accession number SRR2097334.
3.4 Results
3.4.1 Analysis of 16S rRNA gene clone library
The clone libraries from both sample sites yielded 158 sequences, of which 119 affiliated
with Planctomycetes. The 119 planctomycetal sequences were aligned covering the 16S
rRNA gene positions 57-906 (numbering related to E. coli sequence) and grouped into
OTUs. Genus-related threshold of 95% (Rosselló-Mora & Amann, 2001) resulted in
63 OTUs, whereas species-related threshold of 97%, (Rosselló-Mora & Amann, 2001)
and 99% (Stackebrandt & Ebers, 2006) resulted in 73 and 90 OTUs respectively. The
phylogenetic analysis placed 7 OTUs at the 97%, and 9 OTUs at the 99% threshold closer
to the genus Rhodopirellula than to its next validly described relative Blastopirellula, but
none of the clone sequences affiliated closely with the species in the genus Rhodopirellula
(Fig. 3.1). OTUs with the closest affiliation to Rhodopirellula formed a group with
the strain SM50, which represents a novel genus based on a gene identity of 93.7% for
the complete 16S rRNA gene (Winkelmann & Harder, 2009) and is tentatively named
‘Rhodopilula apulia’ .
3.4.2 Correlation between carB gene and ANI
To resolve intra and interspecies relationship and to define the species threshold for
the partial carB gene (693bp) used in this study, the pairwise similarity values of the
carB gene were plotted against the ANI values between each pair of genomes (Fig. 3.2).
The ANIs were determined by using the in silico DNA-DNA hybridization method of
the JSpecies software (Richter & Rosselló-Móra, 2009). Strains used for the calculation
and carB similarities of strains to Rhodopirellula baltica SH1T are shown in Table 3.1.
Genome analyses of four strains of R. baltica and two strains of the related species
‘Rhodopirellula europaea’ established an intraspecies similarity of the amplicon region of
at least 97.4%.
48 Diversity of Rhodopirellula in a North Sea coastal sediment employing carB gene
‘Rhodopirellula europaea’  SH398  (FJ624343)
‘Rhodopirellula islandica’    K833  (FJ624336)
Rhodopirellula baltica SH28  (AMCW00000000)
‘Rhodopirellula europaea’    6C  (ANMO00000000)
Rhodopirellula baltica  SH1T  (NC_005027)
Rhodopirellula baltica  SWK14  (AMWG00000000)
Rhodopirellula baltica  WH47  (AFAR00000000)
Rhodopirellula rubra  LF2T  (HQ845500)
Rhodopirellula rubra  SWK7  (ANOQ00000000)
‘Rhodopirellula sallentina’ SM41  (ANOH00000000)
Rhodopirellula lusitana  UC17  (EF589351)
‘Rhodopirellula maiorica’ SM1  (ANOG00000000)
Rhodopirellula rosea  LHWP3T  (JF748734)
OTU39_1_HS
‘Rhodopilula apulia’ SM50  (FJ624356)
OTU40_1_HS
OTU41_1_HS
OTU5_3_HS
Uncultured planctomycete  (FN822117)
OTU26_1_WS
Uncultured planctomycete  (FN822199)
Uncultured planctomycete  (FN822131)
OTU2_6_HS-WS
OTU37_1_HS
                3(3)
OTU61_1_HS
        2(3)
                                    6(6)
Blastopirellula marina  (NZ_CH672377)
OTU1_17_HS-WS
Uncultured planctomycete  (FN822185)
OTU42_1_HS
Uncultured planctomycete  (FN822210)
OTU9_3_HS-WS
          2(2)
                   3(5)
Uncultured planctomycet  (FN822122)
          3(5)
OTU52_1_WS
                     6(9)
                            10(16)
           2(2)
OTU12_2_HS
Pirellula staleyi    (NC_013720)
OTU45_1_HS
Uncultured planctomycete  (FN822079)
       2(3)
               2(4)
Rubinisphaera brasiliensis   (AEICO1000055)
Gimesia maris  (ABCE01000003) 
Planctopirus limnophila  (X62911)
Isosphaera pallida  (NC_014962)
Singulisphaera acidiphila  (AGRX01000088)              
OTU33_1_WS
Gemmata obscuriglobus  (NZ_ABGO01000192-48)
Zavarzinella formosa (AIAB01000000)
                                            3(5)    
Phycisphaera mikurensis  (AP012338)
OTU55_1_HS
                        5(6)
                      3(3)
                           2(2)
                                                                                                                 3(3)
Akkermansia muciniphila  (CP001071)
Lentisphaera araneosa  (ABCK00000000)
Chlamydia trachomatis  (NC_00249)  
0.10
Figure 3.1: Phylogenetic Maximum Likelihood tree of 16S rRNA gene showing the affiliation of
representative sequences of clone library Operational Taxonomic Units (OTUs) clustered at 97%,
cultured Planctomycetes strains and uncultured planctomycetes (Pizzetti et al., 2011). Labeling:
OTU representatives, OTU (Number of OTU_number of sequences in the OTU_sample site);
Groups, (Number of OTUs in the group) (Total number of sequences). The bar represents 10%
sequence divergence. Verrucomicrobia, Lentisphaerae and Chlamydiae sequences were used as
an outgroup. Scale bar represents 0.1 subtitutions per 100 nucleotides.
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The pairwise interspecies average nucleotide identity (ANI) for the two species was 88%
for the common genes in the genomes and less than 93.1% for the carB amplicon. Thus,
a threshold of 95% was well suited to separate closely related Rhodopirellula species. B.
marina and P. staleyi had higher sequence similarity (81.1%) than some strains within
Rhodopirellula e.g. ‘R. europaea’ 6C and ‘R. maiorica’ SM1 (77.7%). Also strain SM50
of the genus ‘Rhodopilula’ had a similarity of 77.1% to Rhodopirellula rubra SWK7,
thus a genus threshold could not be established solely on the basis of carB partial gene
sequences.
The carB sequences of the 454 pyrosequences covered an alignment of 204 base in length.
In contrast to the 693 base alignment of Sanger sequences, this carB region was slightly
higher conserved, resulting in a species border threshold of 97%.
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Figure 3.2: Scatter plot representing the pairwise correlation between the partial carB gene
sequence (690 bp) similarity and the ANI. Each data point represents a pairwise sequence com-
parison of the carB gene plotted against the ANI between two strains representing one species
(2), two species within a genus ( ) or two genera (△). Strains used for the calculation are listed
in Table 3.1.
3.4.3 Analysis of carB sequences
Two carB clone libraries gave 233 sequences which clustered into 48 OTUs on a 95%
similarity threshold. The representative sequences of the OTUs and the carB sequences
of Planctomycetes stains were used for the phylogenetic analysis (Fig. 3.3). Strains and
corresponding carB gene accession numbers are listed in Table 3.1. The tree revealed
that the majority of the OTUs were more closely related to Rhodopirellula than to
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Blastopirellula. We detected one OTU that affiliated with R. baltica SH1T with 99.6%
similarity and one OTU that clustered with ‘R. maiorica’ SM1 with 96.7% similarity.
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Figure 3.3: Phylogenetic Maximum Likelihood tree of carB gene showing the affiliation of clone
library Operational Taxonomic Unit (OTU) representative sequences clustered at 95%, pyrose-
quencing OTU representative sequences clustered at 97% and cultured Planctomycetes strains.
Labeling: Clone OTU representatives, Otu(Number of OTU_number of sequences_sample site);
Pyrosequencing OTU representatives, OTU(Number of OTU_number of reads_sample site).
Deferribacter desulfuricans and Kuenenia stuttgartiensis were used as an outgroup. Scale bar
represents 0.1 subtitutions per 100 nucleotides.
A deeper insight into the species diversity was obtained by 454 pyrosequencing of a carB
amplicon. After preprocessing, the dataset included 7763 reads with a length of 204
bp. The carB sequences of the genomes had indicated for the amplicon size of 204 bp a
higher species border threshold of 97%. Applying this threshold, the reads clustered in
290 OTUs, of which 157 OTUs were singletons. Chao1, a conservative richness estimator,
predicted the presence of 650 OTUs (548-792). After removing singletons and sequences
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with alignment confidence score below 0.826, 95 OTUs remained and were added to an
already constructed ML tree of carB clone and strain sequences (Fig. 3.3). Considering
the relatedness to the Rhodopirellula strain sequences, carB sequences obtained in this
study clustered in 4 groups.
Group B contained cultured Rhodopirellula strains, clone library sequences of R. baltica
SH1italic and ‘R. maiorica’ SM1 as well as pyrosequencing reads of R. baltica, R. rosea, ‘R.
europaea’ , Rhodopirellula sp. CS14 and ‘R. islandica’ K833. In absolute numbers, group
B included 154 reads and 13 clone sequences. In addition to known strains, phylogenetic
analysis of the group B suggested a presence of six so far uncultured Rhodopirellula
species. Pairwise identities within group B were 73-100%, between members of the
group to ‘R. apulia’ SM50 (group C) 72-75% and to B. marina and P. staleyi (group D)
67-73% and 67-73%, respectively. Group C comprised ‘R. apulia’ SM50 together with
six OTU representatives.
Group A represents a taxon related to the genus Rhodopirellula, but so far no strain has
been brought into culture. In this group, phylogenetic analysis of 28 clones with pair-
wise identities of 74-91% and 43 pyrosequencing OTUs suggest the presence of 60 novel
species. Group A had 73-80% similarity to cultured Rhodopirellula strains, 72-77% to ‘R.
apulia’ SM50 and 67-73% to B. marina and P. staleyi. Group D comprises sequences
far away from Rhodopirellula. It includes OTUs with a relationship of equal distance
to Blastopirellula, Pirellula and Rhodopirellula, with similarities of 64-73%. Group D
formed in the tree (Fig. 3.3) a monophyletic branch with Blastopirellula and Pirellula.
3.5 Discussion
The diversity of Rhodopirellula in coastal sediments of Sylt was characterized by 16S
rRNA gene libraries, and by libraries and 454 sequencing of carB gene, with primers de-
veloped to target specifically the genus Rhodopirellula. Sylt was chosen for the diversity
study as Planctomycetes were reported to be very abundant in the upper layers of sandy
intertidal sediments on the island, accounting for between 3 and 19% of all cells (Musat
et al., 2006).
For a planctomycete-enriched 16S rRNA gene study, the PLA886 probe developed for
in situ hybridization (Neef et al., 1998) was used as a Planctomycetes-specific reverse
primer for the generation of 16S rRNA gene libraries (Pynaert et al., 2003). This probe
covered 91.6% of Planctomycetaceae and 91.5% of Rhodopirellula sequences of the SILVA
database (Quast et al., 2012) and was selected because earlier in situ hybridization stud-
ies on the coastal sand under study were performed with this probe (Musat et al., 2006).
As the Planctomycetes specific forward primers Pla40F and Pla46F had low percent-
age matches within the target group (Pollet et al., 2011), we used the general bacterial
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Table 3.1: List of strains used in the carB study and pairwise correlation of 16S rRNA and carB
gene similarities and ANI to R. baltica SH1T.
Strain carB (%) 16S rRNA (%) ANI (%) carB acc number Genome acc number
*Rhodopirellula baltica SH1T DSM 10527 100 100 100 NC_005027 NC_005027
(Schlesner et al., 2004)
*Rhodopirellula baltica WH47 DSM 24081 99.1 99.9 97.2 AFAR01000279 AFAR00000000
(Winkelmann & Harder, 2009)
*Rhodopirellula baltica SH28 DSM 24038 97.7 99.9 96.8 AMCW01000040 AMCW00000000
(Schlesner et al., 2004)
*Rhodopirellula baltica SWK14 DSM 24080 97.6 100 97 AMWG00000000 AMWG00000000
(Winkelmann & Harder, 2009)
*‘Rhodopirellula europaea’ 6C DSM 24037 93.1 99.9 88.1 ANMO01000116 ANMO00000000
(Winkelmann & Harder, 2009)
*‘Rhodopirellula europaea’ SH398 DSM 24039 92.7 99.9 88.2 ANOF01000144 ANOF00000000
(Schlesner et al., 2004)
*‘Rhodopirellula sallentina’ SM41 DSM 24067 80.2 97.9 70.4 ANOH01000435 ANOH00000000
(Winkelmann & Harder, 2009)
*‘Rhodopirellula maiorica’ SM1 DSM 24050 77.7 96.2 77.7 ANOG01000438 ANOG00000000
(Winkelmann & Harder, 2009)
*Rhodopirellula rubra SWK7 DSM 24063 83.2 98.6 70.2 ANOQ01000052 ANOQ00000000
(Winkelmann & Harder, 2009)
*‘Rhodopirellula islandica’ K833 DSM 24040 87.8 99.5 81.1 LECT00000000 LECT00000000
(Winkelmann & Harder, 2009)
Rhodopirellula rubra LF2 DSM 25459 82.2 97.5 - KT284308 -
(Bondoso et al., 2014)
‘Rhodopillula apulia’ SM50 DSM 24084 75.3 93.7 - KT284309 -
(Winkelmann & Harder, 2009)
Rhodopirellula lusitana UC17 DSM 25457 79.3 96.3 - KT284310 -
(Bondoso et al., 2013)
Rhodopirellula sp. CS14 DSM 24082 79.1 96.3 - KT284306 -
(Winkelmann & Harder, 2009)
Rhodopirellula rosea LHWP3 JCM 17759 78.8 94.7 - KT284307 -
(Roh et al., 2013)
*Blastopirellula marina DSM 3645 71.9 88.1 65.9 AANZ01000007 AANZ00000000
(Schlesner et al., 2004)
*Pirellula staleyi DSM 6068 73.3 83.9 65.2 NC_013720 NC_013720
(Schlesner & Hirsch, 1987)
Rubinisphaera brasiliensis DSM 5305 63.5 83.9 - NC_015174 -
(Schlesner, 1989)
*Gimesia maris DSM 8797 61.9 86.7 64.1 ABCE01000003 ABCE01000003
(Bauld & Staley, 1980)
Planctopirus limnophilus DSM 3776 62.6 81.5 - NC_014148 -
(Hirsch & Müller, 1985)
Singulisphaera acidiphila DSM 18658 62.4 78.2 - NC_019892 -
(Kulichevskaya et al., 2008)
Isosphaera pallida ATCC 43644 62.6 77.5 - NC_014962 -
(Giovannoni et al., 1987)
Maricaulis maris MCS10 61.2 74.6 - NC_008347 -
(Abraham et al., 1999)
Deferribacter desulfuricans DSM 14783 53.6 72.7 - NC_013939 -
(Takai et al., 2003)
Kuenenia stuttgartiensis 55.7 76.2 - CT573071 -
(Schmid et al., 2000)
*Strains used to calculate ANI and pairwise correlation to carB similarities in Fig. 3.2.
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primer 8-27F as forward primer (Juretschko et al., 1998). The libraries yielded 119
Planctomycetes sequences of which 14 clustered more closely to Rhodopirellula then
to other validly described Planctomycetes. Although 12% of the sequences clustered
closely to Rhodopirellula, we did not detect any of the cultured Rhodopirellula strains.
Similar sequences were also found in water samples taken at Helgoland in the German
Bight (Pizzetti et al., 2011). In that study, the Rhodopirellula related group accounted
also for 12% of the planctomycetal diversity. In a 16S rRNA V6 region 454 pyrose-
quencing study of Sylt sediments (project ICM_FIS_Bv6, vamps.mbl.edu, Huse et al.,
2014), 4566 planctomycetal reads contained 86 reads affiliating to Rhodopirellula baltica
SH1T (1.8%) and 75 reads affiliating to strain SM50 (1.6%) (> 95% identity over 60 bp,
the V6 regions of SM50 and R. baltica had an identity of just below 95%,). This deep
sequencing study also indicated that cells of Rhodopirellula present a small fraction of all
planctomycetes in Sylt sediments. To get a better insight into the genus Rhodopirellula,
we wanted to go beyond the resolution of the 16S rRNA gene and therefore studied
the diversity of carB gene. Functional genes are less conserved than 16S rRNA genes
and more suitable for a characterization at a higher taxonomic resolution. However, the
dissimilarities between sequences of species within one genus and of species of closely
related genera are too similar, so a reliable prediction of genus borders is not possi-
ble (Kim et al., 2014). The availability of nine genomes of Rhodopirellula strains allowed
the correlation of the carB gene similarity with the ANI which showed that threshold
value for the carB gene of 95% is well suited to separate closely related species, but the
genus threshold could not be established. In these kinds of investigations, the threshold
for species borders should be clearly outside the technical uncertainty of the sequencing
technology. For example, the rpoB gene sequence has a higher degree of conservation
with a species border threshold of 98.2% (Bondoso et al., 2013), clearly above the ANI
of shared genes between species making it less suitable for a diversity study.
The carB study revealed the presence of sequences with high similarity with R. baltica
SH1T , ‘R. maiorica’ SM1, R. rosea, ‘R. europaea’, ‘R. islandica’ K833, Rhodopirellula
sp. CS14 and six so far uncultured Rhodopirellula species within the group B, plus 66
novel species closely related to Rhodopirellula within the groups A and C. We also de-
tected 50 new species of Planctomycetes in the group D which are not closely related
to Rhodopirellula. This study demonstrated a high diversity of Rhodopirellula in North
Sea sediments from Sylt. The detection of sequences related to strains isolated from the
Baltic Sea (R. baltica), Iceland (‘R. islandica’ K833), as well as from the Belgium coast
and the Mediterranean Sea (‘R. europaea’) raises the question of the biogeography of
these species. The dispersal of organisms with water currents may add to the diversity
in Sylt sediments. This place is considered to be in contact with the water masses of
the coastal current that originate from the North Atlantic Drift entering the North Sea
at Scotland and from Atlantic waters entering through the British Channel (Otto et al.,
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1990). In summary, the high taxonomic resolution of the carB gene amplicon, together
with a calibration of thresholds derived from a set of reference genomes in the genus of
interest, provided a deep insight into the microdiversity of a genus, here Rhodopirellula,
in the environment. The carB gene has more discriminatory power than the 16S rRNA
gene when analyzing closely related Rhodopirellula species and it is suitable to discrim-
inate strains on the intraspecies level and may be used for the taxonomic evaluation of
the new isolates.
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4.1 Abstract
Rhodopirellula are attached-living bacteria which occur in European sediments with
many species, of which several have 16S rRNA gene sequence identities of over 99.5% to
each other. Previous cultivation studies suggested a limited habitat size of Rhodopirellula
species in European seas and sediments. To investigate the biogeography of three closely
related species; R. baltica, ’R. europaea’, and ’R. islandica’, we employed cultivation
independent amplification of acetyl CoA synthetase (acsA) gene with species specific
primers, from 43 European sample sites and one Philippine site. Three-quarter of the
obtained 1,505,505 Illumina MiSeq reads affiliated to the three aforementioned species,
demonstrating the specificity of the primers. R. baltica and ’R. islandica’ were present in
all sample sites, whereas ’R. europaea’ was absent from three of the 43 European sample
sites. ’R. islandica’ dominated in the North Atlantic, ’R. europaea’ in the Mediterranean
and North France, whereas R. baltica was abundant in all European regions sampled. A
minimum entropy decomposition analysis revealed a large microdiversity in the acsA se-
quences which was not linked to biogeography. For a taxonomic resolution at the species
level, this study demonstrated the presence of all three species in nearly each sample
which may be seen as the first experimental proof for a microbial seed bank of closely
related species.
4.2 Introduction
The genus Rhodopirellula belongs to the widespread bacterial phylum Planctomycetes
and belongs to the PVC super-phylum, together with the phyla Verrucomicrobia,
Chlamydiae, Lentisphaerae, and the candidate phyla Poribacteria and OP3. Plancto-
mycetes can be found in marine, brackish and fresh water, as well as terrestrial envi-
ronments (Kulichevskaia et al., 2005, Neef et al., 1998, Pollet et al., 2011, Schlesner
et al., 2004, Wang et al., 2002) and they are believed to play an important role in the
global carbon and nitrogen cycles (Glöckner et al., 2003, Strous et al., 2002). They
have been associated with phytoplankton blooms (Morris et al., 2006, Pizzetti et al.,
2011), marine snow particles (DeLong et al., 1993, Fuchsman et al., 2012, Gade et al.,
2004), and in association with eukaryotic organisms like prawns, sponges and macroal-
gae (Bengtsson & Øvreås, 2010, Fuerst et al., 1997, Izumi et al., 2013, Lage & Bondoso,
2011, Pimentel-Elardo et al., 2003). Planctomycetes show some exceptional properties,
such as a budding reproduction and species-specific intracellular membrane-separated
compartmentalization (Fuerst & Sagulenko, 2011, Santarella-Mellwig et al., 2013, Speth
et al., 2012). Until recently it was considered that planctomycetes lack peptidoglycan in
the cell wall (König et al., 1984, Liesack et al., 1986), but new evidence suggests that
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they possess a typical peptidoglycan cell wall comparable to that of other Gram-negative
bacteria (Jeske et al., 2015, van Teeseling et al., 2015).
The genus Rhodopirellula and the type strain Rhodopirellula baltica SH1T were first de-
scribed by Schlesner et al. (2004). Strain SH1T was isolated from the water column
of Kiel Fjord, a part of the Baltic Sea. The cells are pear-shaped and proliferate by
budding. Adult cells are non-motile, display a polar cell organization and are known
to attach to surfaces and to form aggregates enabled by a holdfast substance which is
secreted from the vegetative cell pole. The bacterium is capable of degrading diverse
sugar monomers as well as some complex polysaccharides. The genome of R. baltica
SH1T (Glöckner et al., 2003) revealed the presence of genes required for heterolactic
acid fermentation and interconversion of C1 compounds, which was unexpected for this
aerobic, heterotrophic strain. Furthermore, an extraordinary number of genes encoding
sulfatases have been found in the genome, suggesting a strategy for degrading sulfated
polysaccharides in the environment (Glöckner et al., 2003, Wegner et al., 2013). Be-
sides R. baltica, several species of Rhodopirellula have recently been validly described:
Rhodopirellula rosea (Roh et al., 2013), Rhodopirellula caenicola (Yoshihide Matsuo,
2015), Rhodopirellula rubra and Rhodopirellula luisitana (Bondoso et al., 2014). Winkel-
mann & Harder (2009) isolated 70 strains of the genus Rhodopirellula from European
coastal seas and sediments, which affiliated according to 16S rRNA gene analysis with
the strain Rhodopirellula baltica SH1T. Because the species cannot be inferred using
solely the 16S rRNA as a marker gene, a multilocus sequence analysis (MLSA), in com-
bination with DNA–DNA hybridization experiments, was used to arrange those isolates
into 13 operational taxonomic units (OTU A-M), suggesting a limited habitat size of
Rhodopirellula species in Europe (Winkelmann et al., 2010). Subsequently, draft genome
sequences confirmed the formation of several OTUs and the assignment of the strains
into these OTUs (Glöckner et al., 2003, Kizina et al., 2015, Klindworth et al., 2014,
Richter et al., 2014a,b, Richter-Heitmann et al., 2014, Wegner et al., 2014). Strains
SH28, SWK14 and WH47 belong to R. baltica with an average nucleotide identity (ANI)
of the shared genes above 97% to the strain SH1T. This group was described as OTU A
according to Winkelmann et al. (2010). ‘Rhodopirellula europaea’ strains 6C and SH398,
representing OTU B, have an ANI of 88% to R. baltica SH1T and of 96% to each other.
‘Rhodopirellula islandica’ strain K833 was assigned to OTU I, with an average nucleotide
identity of 81% to genomes of R. baltica and ’R. europaea’. Strains of OTU A were iso-
lated only from parts of the Baltic Sea and the east coast of the North Sea. Strains
of OTU B were isolated from several sample sites from the southern North Sea to the
Mediterranean Sea. Strains of OTU I were originating from Scotland and Iceland indi-
cating a habitat in the North Atlantic.
The use of strains to perform biogeographic studies based on MLSA is a laborious task
and will capture only a small fraction of the individuals, therefore it only offers a glimpse,
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but not the complete view of the distribution of Rhodopirelulla species in the marine en-
vironments. Cultivation-independent molecular approaches employing next generation
sequencing (NGS) technologies enable an in-depth coverage of the diversity in marine
samples, well beyond the study of isolates. However, this experimental strategy depends
on an adequate gene marker to circumvent the limitations of the isolation methods and
the poor resolution of the 16S rRNA to target fine biogeographic structures in envi-
ronmental studies (Ramette & Tiedje, 2006) and to capture the ecologically meaning-
ful genetic and physiological differences in organisms with almost identical 16S rRNA
gene sequences (Hahn & Pöckl, 2005, Moore et al., 1998). Automatic identification of
subtle nucleotide variations using the new entropy-based approach (oligotyping), devel-
oped by Eren et al. (2013), provides now a full insight into the microdiversity of gene
markers. Position-specific variations up to single-nucleotide resolution can resolve eco-
logically meaningful differences between closely related organisms (Buttigieg & Ramette,
2014, Eren et al., 2014, 2015b, McLellan et al., 2013). This new technique can be used
to explore in detail the biogeography of microbes and provides insights into the micro-
bial seed banks where the microbial community composition across temporal or spatial
gradients reflect shifts in the relative abundance of taxa rather than their presence or
absence (Caporaso et al., 2012, Gibbons et al., 2013, Lennon & Jones, 2011). The aim
of this study was to investigate the biogeography of R. baltica, ‘R. europaea’ and ‘R.
islandica’ in European coastal sediments in a cultivation independent study, employing
acetyl coA synthetase (acsA) as a marker gene. The acsA gene was already used in
the MLSA study of Rhodopirellula strains (Winkelmann et al., 2010) where the gene was
successfully amplified only from strains of OTU A, OTU B and OTU I. We used a nested
PCR to introduce barcodes in the second PCR and sequenced the barcoded amplicon
mixture with the MiSeq platform. The microdiversity in the acsA gene sequences was
studied using minimum entropy decomposition (MED) analysis (Eren et al., 2015a), an
unsupervised oligotyping technique. Finally, growth of R. baltica, ‘R. europaea’ and ‘R.
islandica’ was investigated at different temperature, salinity and light conditions.
4.3 Material and methods
4.3.1 Sampling
The upper two centimeters of intertidal sandy sediments were sampled in a period from
2005 until 2013 from 147 sample sites around the European coast and one from the
Philippines. Samples were collected into 15-50 ml falcon tubes and frozen at -80◦C until
further processing.
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4.3.2 DNA extraction
Genomic DNA was extracted from 500 mg of sediment of each sample using the
FastDNA R⃝ Spin Kit for Soil (MP Biomedicals, USA) and characterized by spectroscopy
(NanoDrop 100, Thermo Fisher Scientific, USA) and by agarose gel electrophoresis and
ethidium bromide (EtBr) staining.
4.3.3 Primer design and amplification of acsA gene
Amplicon sequences (Winkelmann et al., 2010) and genomes of nine Rhodopirellula
and six other planctomycetes genomes (Blastopirellula marina, Gemmata obscuriglobus,
Planctomyces maris, Planctomyces limnophilus, Planctomyces staleyi and Candidatus
Kuenenia stuttgartiensis) were used to design degenerated nested PCR primers for partial
gene amplicons of acsA, carB, fumC, glyA, guaA, and icd specific for R. baltica, ‘R.
europaea’ and ‘R. islandica’ with several mismatches to related Rhodopirellula strains.
Optimisation of PCR conditions (annealing temperature, single copy detection) revealed
the cleanest amplicons for acsA primer. The external forward primer matched at position
1059 to 1078 (5’- GACDTGYTTGATGTACGAAG-3’), external reverse at position 1664
to 1682 (5’- TCSACYTCGATCGTGCTCA-3’), internal forward at the position 1120-
1138 (5’- GTYGAGCGKCACAARGTCA -3’) and the internal reverse primer at the
position 1626-1644 (5’- GATCACATCRTCGATGCGT -3’). Fifteen barcoded internal
primers, originally designed for 454 pyrosequencing, were reused for Illumina MiSeq
sequencing. Forward internal primers had in front of the acsA primer a linker required
for 454 sequencing followed by a six letter barcode. Internal reverse primers were not
barcoded and contained only a 454 linker in front of the primer sequence (Table 4.1).
In the first amplification with external primers, the PCR mixture contained 10-15 ng of
genomic DNA, 3.3 μM of each acsA external primer, and a 2x PCR master mix (Promega
Corporation, USA) in 30 μl volume. The template DNA was denatured for 4 min at 94◦C,
followed by 30 cycles of 1 min at 94◦C, 1 min at 58◦C, 3 min at 72◦C, and a final extension
of 10 min at 72◦C. Amplicons were purified with a PCR purification kit (Qiagen, Hilden,
Germany ) and were visualized on 1% agarose gel stained with EtBr. Depending on the
intensity of the band, 1μl of nondiluted or diluted (1:10, 1:100) purified PCR amplicon
served as template for amplification with internal acsA primers (3.3 μM) and a 2x PCR
master mix (Promega Corporation, USA) in 30 μl volume. The PCR protocol was 4
min at 94◦C, followed by 20 or 30 cycles of 1 min at 94◦C, 1 min at 58◦C, 3 min at
72◦C, and a final extension of 10 min at 72◦C. Amplicons were purified with the PCR
purification kit and visualized on 1% agarose gel stained with EtBr. Equal amounts of
barcoded amplicons were pooled and sequenced on an Illumnina MiSeq platform at the
Max Planck genome centre, Cologne, Germany.
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Table 4.1: List of primers used in this study
External forward acsA primer
GACDTGYTTGATGTACGAAG
External reverse acsA primer
TCSACYTCGATCGTGCTCA
454 linker-barcode-internal forward acsA primer
GATGGCCATTACGGCC- ACACGT- GTYGAGCGKCACAARGTCA
GATGGCCATTACGGCC- ACGTAC- GTYGAGCGKCACAARGTCA
GATGGCCATTACGGCC- ACTGCA- GTYGAGCGKCACAARGTCA
GATGGCCATTACGGCC- AGAGTC- GTYGAGCGKCACAARGTCA
GATGGCCATTACGGCC- AGCTGA- GTYGAGCGKCACAARGTCA
GATGGCCATTACGGCC- AGTCAG- GTYGAGCGKCACAARGTCA
GATGGCCATTACGGCC- ATATCG- GTYGAGCGKCACAARGTCA
GATGGCCATTACGGCC- ATCGAT- GTYGAGCGKCACAARGTCA
GATGGCCATTACGGCC- ATGCTA- GTYGAGCGKCACAARGTCA
GATGGCCATTACGGCC- CACAGT- GTYGAGCGKCACAARGTCA
GATGGCCATTACGGCC- CAGTCA- GTYGAGCGKCACAARGTCA
GATGGCCATTACGGCC- CATGAC- GTYGAGCGKCACAARGTCA
GATGGCCATTACGGCC- CGATAT- GTYGAGCGKCACAARGTCA
GATGGCCATTACGGCC- CGCGCG- GTYGAGCGKCACAARGTCA
GATGGCCATTACGGCC- CGTATA- GTYGAGCGKCACAARGTCA
454 linker-internal reverse acsA primer
GGTGGCCGAGGCGGCCACACGT- GATCACATCRTCGATGCGT
4.3.4 Preprocessing of Illumina raw reads
To obtain high quality reads, 454 linker and primer sequences were removed
using Cutadapt 1.8 (https://github.com/marcelm/cutadapt; Martin & Rahmann
(2012)) and the reads were demultiplexed according to the barcodes using Sabre
1.000 (https://github.com/najoshi/sabre). Pair-end reads were merged with PEAR
0.9.5 (Zhang et al., 2014) and merged reads were quality trimmed to a phred quality of
20 and a read length of 100 nt using the BBDuk program from the BBMAP 34.00 suite
(http://sourceforge.net/projects/bbmap/). The internal acsA primers were designed to
target a 487 bp long amplicon from the position 1139 to 1625. However, the reading
frame for the first codon starts at the position 1141 and finishes at the position 1623 for
the last codon, so we used the getorf program from the EMBOSS 6.6.0 (Rice et al., 2000)
to identify the open reading frames and remove all the sequences which contained stop
codons. After preprocessing we obtained 1,505,505 high quality sequences (483bp) from
44 sample sites. Total numbers of sequences per sample site are shown in Table 4.2.
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4.3.5 BLAST
Basic Local Alignment Search Tool version (BLAST) 2.2.30+ (Camacho & Coulouris,
2009) was used to taxonomically affiliate the high quality reads. Sequences were com-
pared to an database containing acsA sequences of ten Rhodopirellula strains using
nucleotide-nucleotide BLAST (blastn). Sequences that had more than 94% identity to
a certain Rhodopirellula strain were assigned to that strain (forming a species-specific
dataset) and the rest was assigned as Planctomycetaceae. Those sequences were further
analyzed using the non-redundant sequence database of NCBI (June 2015 version).
4.3.6 Alignment
The acsA sequences were aligned at the codon level. First, the sequences were translated
to aminoacids and aligned using MAFFT version 7 (Katoh & Standley, 2013) and then
the amino acid alignment was back-translated to the nucleotide alphabet. The resulting
alignments were visually inspected and refined using Seawiev version 4 (Gouy et al.,
2010).
4.3.7 Minimum entropy decomposition (MED)
Entropy analysis of the whole dataset was conducted according to Eren et al. (2013).
The method utilizes Shannon entropy (Shannon, 1948) to identify variability in each
nucleotide position. We examined the distribution of the entropy values for each codon
site to observe if the sequences showed an entropy bias towards the third codon. In
addition, we calculated the frequencies of transitions and transvertions on the third
codon position and plotted the frequencies against the K80 genetic distance, in the
so-called saturation plot. For the whole dataset, we repeated the sequence saturation
analysis randomly sampling 1000 sequences at least five times. For R. baltica sequence
saturation analysis we used the entire set of identified sequences. We performed the
analysis in the R environment using the SPIDER (Brown et al., 2012) and APE (Paradis
et al., 2004) packages. MED was also done for each species dataset (as identified by
BLAST) without the third codon position. As different species had different number of
sequences, these required different M values (the minimum substantive abundance of the
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most abundant unique sequence in an oligotype). The M was calculated dividing the
number of sequences by 10,000 as recommended by Eren et al. (2015a). For R. baltica,
R. europaea, R. islandica and Planctomycetaceae, M values of 75, 17, 22 and 37 were
used respectively. The number of discriminant locations used for entropy decomposition
discriminant (d) was set to 1 for all species. Maximum variation allowed in each node
(-V) was computed in the MED pipeline based on the length of the sequences, and
was set to 3 nucleotides. We estimated the Inverse Simpson diversity index for each
Rhodopirellula species and Planctomycetaceae using the interpolation and extrapolation
with Hill number methodology described by Chao et al. (2014) and implemented on the
iNEXT package for the R environment. For the sample-size-based rarefaction approach
and extrapolation we discarded all the samples with abundance smaller than the median
and a base sample size two times the mean abundance of the remaining sites. We obtained
95% confidence intervals using the bootstrap method developed by Chao et al. (2014)
with 200 replicates. In addition, we also estimated the species richness and Shannon
Entropy.
4.3.8 Phylogenetic analysis
Representative sequences (including the third codon position) of the most abundant
oligotypes obtained by MED together with the acsA sequences of cultured Rhodopirellula
strains were used to infer the phylogenetic maximum likelihood (GTR+GAMMA) tree
using RAxML 8 (Stamatakis, 2014) included in ARB software (Ludwig et al., 2004).
4.3.9 Growth experiment
R. baltica SH1T, ’R. europaea’ 6C and ’R. islandica’ K833 were grown in different tem-
perature, salinity and light conditions. Strains were grown in 250 ml flasks containing 50
ml of liquid M13a medium (Schlesner (1994); DSMZ medium 600a), with modifications
described by Winkelmann & Harder (2009), and shaken at 50 rpm. Standard conditions
for growth were dark, 28oC and salinity 35 PSU (100% artificial sea water, ASW). Three
replicates of each strain were grown individually to determine the growth rates in differ-
ent experimental conditions; at four temperatures ranging from 14 to 37◦C (14, 21, 28,
37◦C), four salinities ranging from 25 to 150% ASW (25, 50, 100, 125, 150% ASW) and
three light conditions (24h dark, 24h light and 12h light/12h dark). Cells were harvested
daily for optical density measurements at 600 nm (OD600) and generation of growth
curves. Growth rate was determined from the growth curves using a formula: Growth
rate=(2.303(log(OD2)-log(OD1))/(t2-t1).
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4.3.10 Accession number
Raw sequence reads were deposited to the NCBI (http://www.ncbi.nlm.nih.gov), Bio-
project ID; PRJNA293505.
4.4 Results
4.4.1 Amplification of the acsA gene
In this study, a 487 bp long amplicon of the acsA gene was amplified from European
and Philippine intertidal coastal sediment samples. Of the 147 template samples, 33
yielded a barely visible amplicon and 26 yielded a strong amplicon after the first PCR
with exernal primers. After the second PCR with barcoded internal primers, 95 samples
had visible amplicon of which 44 were chosen for sequencing.
4.4.2 Raw data analysis
Illumina MiSeq sequencing yielded 4,713,544 paired-end reads. Pre-processing of the data
reduce the total to 3,477,226 paired-end reads. Further pre-processing steps, merging,
quality trimming, and removal of the sequences with stop codons, reduced the dataset
to 1,505,505 high quality sequences, each 483 bp long. Total numbers for each sample
site are shown in Table 4.2.
4.4.3 Analysis on the species level by BLAST
For the taxonomic classification of nucleotide sequences we performed BLAST using a
database containing acsA sequences of ten Rhodopirellula strains. Applying a threshold
of 94% identity, 75% of 1,505,505 sequences had a best match with R. baltica, ‘R. eu-
ropaea’ and ‘R. islandica’. Sequences with identities lower than 94% had the best match
in the NCBI non-redundant sequence database with sequences affiliated to the genera
Rhodopirellula (18% of all sequences), Blastopirellula (5%) and Pirellula (2%), and were
assigned to Planctomycetaceae. Blast results are shown in Fig. 4.1 and Fig. 4.2. Total
number of sequences are given in Table 4.2. In the 44 sample sites, amplicon sequences
of R. baltica and ‘R. islandica’ were found in all samples and amplicon sequences of ‘R.
europaea’ were found in 41 samples, with relative abundances ranging from 0.01% to 99%
in each sample. R. baltica was detected with high amplicon abundances (43-99%) in 23
samples covering all regions sampled, from the Mediterranean Sea along North France,
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Figure 4.1: Relative abundance of R. baltica, ’R. islandica’, ’R. europaea’ and Rhodopirellula sp.
in each sampling site identified by BLAST similarity searches.
UK, North Sea and Baltic Sea to Norway. In Norway (sample site 76) and Scotland (101)
this species accounted for 10 and 7% of sequences respectively and in the remaining 19
samples, the amplicon relative abundances were less than 1%. ‘R. europaea’ dominated
in four samples, two Mediterranean (19 and 123) and two from the west France (117 and
38), with relative amplicon abundances of over 97%. ’R. europaea’ was also found in
samples from the Mediterranean Sea (49), Northwest France (112), North Sea (11) and
Baltic Sea (25) with relative amplicon abundance of 24, 14, 5 and 2% respectively. In the
rest of the dataset, ‘R. europaea’ amplicon sequences accounted for less than 1% of total
number for each sample site. Highest amplicon abundances of ‘R. islandica’ were found
in six samples, from Scotland (101, 104 and 109), Ireland (129), Iceland (23) and Norway
(76), with relative amplicon abundances of 74-90%. In other samples, ‘R. islandica’ was
present with less than 1% of total amplicon sequences. One sample from Philippines was
also analysed where all three species of interest were found but with relative amplicon
abundances of less than 0.1%. Sequences assigned to Planctomycetaceae were found in all
European samples with relative amplicon abundances of 0.3-99.7%, of which 11 samples
(9, 25, 32, 35, 57, 58, 60, 65, 80, 86, 134) had abundances of more than 95% and ten
samples (2, 11, 23, 54, 70, 92, 96, 104, 112, 129) with abundances between 10-55%.
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Figure 4.3: Distribution of the entropy values in each codon position smoothed by Gaussian
kernel density estimation.
4.4.4 Analysis of the microdiversity by minimum entropy decomposi-
tion
To investigate the microdiversity in the acsA gene of each species and to cluster se-
quences into high-resolution Operational Taxonomic Units (OTUs), Minimum Entropy
Decomposition (MED) analysis was performed (Eren et al., 2014). MED uses Shannon
entropy to identify information-rich positions within the dataset and then uses high en-
tropy positions to decompose the dataset into nodes. Nodes are decomposed until the
entropy is minimal and those nodes with the minimum entropy are stored as final nodes.
First, the distribution of the entropy values for each codon position was examined to
take in account the much faster evolution rate of the third position in comparison with
the first and the second codon position. Based on this analysis it was observed that
the third position in the codon is accounting for the highest entropy values in the whole
dataset (Fig. 4.3). To unravel the nature of the nucleotide variation observed in the third
codon position, a saturation plot was calculated which showed that transitions are more
frequent than transversions for the whole dataset (Fig. 4.4). Furthermore, detail analysis
of the entropy values and the frequencies of transitions and transversions on the third
codon position at the species level, i.e for R. baltica species (Fig. 4.5a and Fig. 4.5b),
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Figure 4.4: Substitution saturation plot for the whole dataset. The number of transitions and
transversions for the third codon position is plotted against the K80 distance; mean values are
indicated by solid lines, while standard deviations are indicated by dashed lines.
also showed that transitions are more frequent than transversions.
To test the effect of the higher frequency of transitions on the third codon position,
MED analysis was performed with and without the third position in the codon for R.
baltica species. MED analysis of sequences with the third position in the codon gave
approximately 1.8 times more nodes (Fig. 4.5c), although both approaches harboured
a similar number of sequences (Fig. 4.5d). The nucleotide sequences were translated to
amino acid (the third codon position was restored when necessary) and the proteins were
clustered at the 100% identity level to explore the effect of the synonymous substitutions
on the MED partitioning at the functional level. As shown in Fig. 4.5e, MED analysis
of the sequences where third position in the codon was kept, resulted in 40% of the node
representatives with the same amino acid sequence, while only 1% of the node repre-
sentatives were the same on the amino acid level after MED analysis of the sequences
where third position in the codon was removed. The composition of the 100% identity
clusters showed that both approaches shared 70% of the investigated R. baltica amplicon
sequences (Fig. 4.5f).
To get an insight into the microdiversity of the acsA gene on the functional level, account
for the bias of the third codon position for the acsA gene and to avoid a possible over-
estimation of the diversity, the third position in the codon was removed. The sequences
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with and without the third codon position after the clustering at 100% identity (e), 70% of the
nodes are shared in both cases.
of R. baltica strains and ‘R. europaea’ strain 6C have 89.2-91.1% nucleotide identity but
100% identity on the protein level. When removing the third codon position, sequences
on the nucleotide level are too similar causing the MED to place both species in the same
final nodes when analysis is performed on the whole dataset. To avoid this problem we
performed MED analysis for each species separately using the datasets created by blast
analysis.
The total dataset included 1,505,505 sequences, of which 82,930 were removed due to M
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Table 4.3: Summary of MED analysis
Samples Sequences analyzed Outliers Sequences after quality filtering Nodes
Rhodopirellula baltica 44 745788 30047 715741 82
’Rhodopirellula europaea’ 41 164435 5884 158551 221
’Rhodopirellula islandica’ 44 220205 7121 213084 82
Planctomycetaceae 44 375077 39878 335199 378
(minimum substantive abundance of an oligotype) and V (maximum variation allowed in
each node) parameters. The total number of sequences used as an output for the MED
and total number of sequences removed during the analysis for each species is given in Ta-
ble 4.3. MED analysis of R. baltica, ’R.europaea’, ‘R. islandica’ and Planctomycetaceae
resulted in 82, 221, 82 and 378 final nodes, respectively.
The inverse Simpson index was used to estimate the diversity of the final nodes of three
Rhodopirellula species (Fig. 4.7). R. baltica had the lowest diversity, while ’R. europaea’
had the highest diversity in most of the samples. Also, R. baltica had a relatively low
diversity regardless of the amplicon abundance of the species in the sample, while ‘R.
islandica’ and ‘R. europaea’ had a lower diversity in the samples where those species
were abundant. Sample-size-based rarefaction curves of MED nodes diversity based on
the inverse Simpson index for three Rhodopirellula species are shown in Fig. S4.1, S4.2
and S4.3. Estimated species richness and Shannon diversity indices are shown in Sup-
plementary Table S4.1.
The relative amplicon abundances of the nodes (Fig. 4.6) showed a dominance of Rb-
node168 for R. baltica sequence dataset, with a relative amplicon abundance of 60-100%
in all samples, except in the sample 143. Rb-node168 had 100% similarity to the type
strains R. baltica SH1T. This node was also found in the sample 134 from Philippines.
In the sample 143 from the North Sea, Rb-node43 was dominant with a relative am-
plicon abundance of 89%. Rb-node43 was also found in thirteen other samples of the
regions sampled. Other nodes were present with lower relative amplicon abundances; 14
nodes were found in more than 30 samples and 46 nodes in more than 20 samples. The
rest were nodes present in 2-19 samples, but we didn’t observe presence or absence of
the nodes depending on the region where samples were taken. Contrary to the trends
observed in ‘R. baltica’, relative amplicon abundances of the nodes of ‘R. europaea’ and
‘R. islandica’ depended on the amplicon abundance of those species in the sample.
‘R. islandica’ had high amplicon abundances and low diversity in six samples; 101, 104,
109, 129, 23 and 76. In those samples one node, Ri-node186, was dominant with relative
amplicon abundances of 66-82% (Fig. 4.6). This node was found in 41 samples includ-
ing sample 134 from the Philippines. Ri-node105 was found in 38 samples with relative
amplicon abundance of 1-70%. Ri-node106 was found in nine samples with high relative
amplicon abundance in samples from France (117), two Mediterranean (123 and 19) and
sample from Norway (86) with amplicon abundances of 26, 42, 18 and 25% respectively.
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In the sample 134 from the Philippines, we found two nodes, Ri-node186 and Ri-node14.
The latter was found in five other samples from Europe with relative abundances of less
than 1%. From 82 nodes, 37 of them were present in at least ten different samples (10-
41). As observed for ‘R. baltica’, we didn’t observe presence or absence of the nodes of
‘R. islandica’ depending on the region.
‘R. europaea’ presented the highest diversity of the three species with a total of 221
nodes found in 41 samples (Fig. 4.7). According to the BLAST results ‘R. europaea’
dominated in four samples, two from the Mediterranean (19 and 123) and two from
Northwest France (38 and 117), with relative amplicon abundances higher than the 97%.
This species were also found in the samples from the Mediterranean (49) and Northwest
France (112) with relative amplicon abundance of 24 and 14%, respectively. In those
six samples we also observed a lower diversity of this species than in the samples with
a low abundance. Contrary to ‘R. islandica’, where one node was dominant in all the
samples where the species were abundant, for ‘R. europaea’ different nodes were domi-
nant in different samples with high amplicon abundances of the species. In the sample
49 from the Mediterranean, Re-node152 was the most abundant with a relative amplicon
abundance in the sample of 94%. This node was also found in 12 other samples with
a lower relative amplicon abundance (0.03-7%). In sample 117 from Northwest France,
Re-node481, had a relative amplicon abundance of 80% and it was found in 29 other
samples from Europe with relative amplicon abundances ranging from 0.1 to 66%. This
node was also the only node observed in the Philippines sample (134). In the sample
112 from Northwest France, Re-node507 had a relative amplicon abundance of 73%, and
was the dominant ’R. europaea’ node found in 36 samples with high relative amplicon
abundances in most of the samples. In the three samples described above we found only
one node dominant in each sample. In the samples 19, 23 and 38, where we also found
a high amplicon abundance of ‘R. europaea’, more than one node was found with a high
relative amplicon abundance in each sample. In sample 19 and 123, Re-node507 was
found with relative amplicon abundances of 45% and 19% respectively. In sample 19
we also observed Re-node540 (27%) and in the sample 123, Re-node511 (49%). In the
sample 38, four nodes had high relative amplicon abundances: these were Re-node540
(26%), Re-node291 (25%), Re-node177 (19%) and Re-node128 (16%). The distribution
of the 221 nodes along the samples varied from being present in 1 to 34 samples of which
28 nodes were present in only one of the samples. It is possible that those unique nodes
represent ecologically meaningful differences, as a result of adaptation to the environ-
ment, but another plausible explanation would be that as a result of the low number of
sequences in some samples those nodes could not be detected.
MED analysis of the Planctomycetaceae group resulted in 378 final nodes (Fig. 4.6).
Higher number of nodes for Planctomycetaceae was expected as this group contains
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sequences related to genus Rhodopirellula, Pirellula and Blastopirellula. As we are inter-
ested in diversity of the three Rhodopirellula species, this group is beyond the scope of
this work and will not be discussed in details.
Planctomycetaceae group had high amplicon abundances of more than 95% in 11 sam-
ples (9, 25, 32, 35, 57, 58, 60, 65, 80, 86, 134). In those samples we observed 21 nodes
with high amplicon abundances, but those nodes were also present with lower ampli-
con abundances in other samples regardless of the region sampled. For example, in the
sample 9 from Scotland, Pl-node1483 and Pl-node1429 accounted for 51 and 31% of the
total amplicon abundance in the sample, and those two nodes were also found in 19 and
14 other samples, respectively. In the sample from the Philippines (134) we found two
abundant nodes, Pl-node672 (60%) and Pl-node161 (27%) which were also found in at
least five European samples with abundances of less than 1%. Overall, for this group it
was also observed the same pattern as for three Rhodopirellula species, i.e the samples
with high abundances, one or two nodes were dominant with high relative abundances
in the samples.
4.4.5 Phylogenetic analysis
For the phylogenetic analysis, ten cultured Rhodopirellula strains, five species from the
phylum Planctomycetes and the most abundant nodes obtained by MED partitioning
analysis (Fig. 4.8) were included. In the Maximum Likelihood (ML) tree, sequences of
the acsA gene of four R. baltica strains, which have pairwise nucleotide identities in the
acsA gene between 94.8-97.3%, formed one cluster. All nodes obtained by MED for ‘R.
baltica’ clustered with the strain SH1T, except Rb-node40 which formed a cluster with
the strain WH47. Rb-node40 was found in three sample sites, 112 from France, 126 from
Greece and sample 143 from the North Sea with abundances of less than 1%. Strains
of ’R. europaea’ 6C and SH398 have an unusual low nucleotide acsA sequence identity
of 88% and formed two clusters in the ML tree. We found representatives for both
strains in the samples, which were separated by MED analysis. The ML tree presents
only the most abundant nodes but of 221 final nodes of the ‘R. europaea’ dataset, 65
nodes affiliated with strain 6C and 156 nodes with strain SH398. Both strains were
found in all regions sampled from Mediterranean to Norway. The acsA sequence of ‘R.
islandica’ has an identity value of 85.7-87.5% to the ones of all strains of R. baltica and
R. europaea, and formed a separate cluster. All ‘R. islandica’ nodes clustered closely
together. The Planctomycetaceae group includes by definition the sequences that had
less than 94% identity to one of the three Rhodopirellula species. MED separated them
into nodes which representative sequences affiliated within the sequences of the genera
Rhodopirellula, Blastopirellula and Pirellula but none of the nodes clustered closely with
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Figure 4.8: Phylogenetic ML tree showing affiliation of nodes with highest relative abundance
affiliating to R. baltica (Rb), ’R. europaea’ (Re), ’R. islandica’ K833 (Ri), and Planctomycetaceae
(Pl) group. Labeling; Nodes, number next to the node name corresponds to the number of
sequences in the node. Clusters; first number is the number of nodes in the cluster, second
number corresponds to total number of sequences off all nodes in the cluster.
cultured strains. From the Planctomycetaceae group, Pl-node408 and Pl-node633 clus-
tered with ’R. europaea’ strain SH398, and Pl-node489 clustered with ‘R. islandica’.
4.4.6 Growth results
Under the standard growth conditions (35 PSU salinity, 28◦C in the dark) the growth
rates of species R. baltica, ‘R. europaea’ and ‘R. islandica’ were 0.045, 0.035 and 0.059
h-1, with doubling times of 15, 19 and 12 hours respectively.
The growth rates of the strains in four different temperatures are shown in Fig. 4.9a. In all
the conditions tested, ‘R. islandica’ had the highest growth rate, except for 37◦C, where
it did not grow at all. The growth rates increased with temperature, with maximum
growth rates of ‘R. islandica’ (0.059 h-1) and R. baltica (0.045 h-1) at 28◦C and ‘R.
europaea’ (0.041 h-1) at 37oC.
All strains grew at all the salinities tested, with the highest growth rates of R. baltica
(0.056 h-1) and ‘R. europaea’ (0.065 h-1) in 125% ASW, while ‘R. islandica’ had a highest
growth rate (0.059 h-1) in 100% ASW. In the salinities from 25 to 100% ASW, ‘R.
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Figure 4.9: Effect of temperature (a), salinity (b) and light (c) on growth rates of R. baltica
SH1T, ’R. islandica’ K833, and ’R. europaea’ 6C. Error bars indicate the standard deviation of
the mean of growth rates for three cultures. DD: 24h dark, LL: 24h light and LD: 12h light/12h
dark.
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islandica’ had a highest growth rate and in 125 and 150% ASW, ‘R. europaea’ had a
highest growth rate (Fig. 4.9b)
In the light experiment, R. baltica and ‘R. islandica’ had the highest growth rates in 24h
dark condition (0.045 and 0.059 h-1) while ‘R. europaea’ had the highest growth rate in
24h light condition (0.048 h-1) (Fig. 4.9c).
4.5 Discussion
Rhodopirellula is a widely distributed genus with currently five described species iso-
lated from different habitats around the world (Bondoso et al., 2014, Roh et al., 2013,
Schlesner et al., 2004, Yoshihide Matsuo, 2015). Although the genus Rhodopirellula has
a global distribution, a MLSA study based on 70 Rhodopirellula strains suggested that
three closely related species, including R. baltica, have a limited habitat breadth in Eu-
ropean seas (Winkelmann et al., 2010). The aim of this study was to test the proposed
hypothesis that the three Rhodopirellula species have a biogeography in European coastal
sediments, employing a cultivation-independent amplification of the partial acsA gene.
We analysed the acsA diversity in 43 samples from around Europe and one from the
Philippines. Winkelmann et al. (2010) used a MLSA of nine functional genes to classify
the strains, of which the acsA gene was successfully amplified for the three species of
interest in this study; R. baltica, ‘R. europaea’ and ‘R. islandica’. A nested PCR ap-
proach, with primers that discriminate other Rhodopirellula species, was developed to
detect single gene copies in the template, however, we used it here to introduce barcodes
for the MiSeq sequencing. To assign sequences to the three Rhodopirellula species we
used a 94% acsA amplicon sequence identity threshold. The threshold was inferred from
the pairwise identities of the acsA amplicon sequence (483bp) of four R. baltica strains
(94.8-97.3%) and the interspecies similarities (less than 92%). The phylogenetic analysis
(Fig. 4.7) revealed for some sequences that were assigned to the group Planctomycetaceae
an affiliation with R. baltica, ’R. europaea’ and ‘R. islandica’. Those sequences accounted
for less than 0.02% of the sequences assigned to the Planctomycetaceae group, and the
identity of those sequences to one of the three Rhodopirellula species was less than 93%.
As 75% of sequences in our dataset affiliated with those three species, the specificity
of our primer set can be considered to be very good for the detection of R. baltica, ’R.
europaea’ and ‘R. islandica’ in environmental samples. The residual 25% were sequences
with the best match to the genera Rhodopirellula, Pirellula and Blastopirellula but with
no closely related cultured representative. It is well known that the cultured Plancto-
mycetes strains do not represent the diversity in the environment (Fuchsman et al., 2012,
Pizzetti et al., 2011, Pollet et al., 2011, Žure et al., 2015). One estimate was that only
2% have been brought into culture (Lage & Bondoso, 2012), therefore the discovery of
86 Biogeography of Rhodopirellula in European coastal sediments
novel taxa with the acsA primer was expected.
All three species showed a wide geographical distribution with relative amplicon abun-
dances from 0.1 to 99% per sample. R. baltica and ’R. islandica’ were present in all
44 investigated sample sites, while ‘R. europaea’ was detected in 41 samples.
Absence of ‘R. europaea’ in one sample from the North sea and two samples from Norway
could mean that the species is really not present there, but as it was present in other
North Sea and Norwegian samples, it is possible that with an increase of the sequencing
depth, ‘R. europaea’ could be detected in those samples. In a divesity study to detect
Rhodopirellula species, where we used an amplicon of carB gene, coding for the large
subunit of carbamoylphosphate synthetase (Žure et al., 2015), all three species were also
detected in a single location in the North Sea. High abundances of R. baltica were found
in samples covering all European regions, indicating that this species does not have a
limited habitat size as suggested by Winkelmann et al. (2010), whose study was based
on a limited number of 70 strains. Contrary to the high abundances of R. baltica in the
samples from all regions in Europe, high abundances of ‘R. europaea’ and ‘R. islandica’
were found only in the samples from the regions where Winkelmann et al. (2010) isolated
the strains and suggested as preferable habitat. Although we found high abundances of
‘R. europaea’ and ‘R. islandica’ in only few samples suggesting a limited habitat size, we
found these species in almost all samples and it is likely that upon favorable change in
the environment these species could become abundant in other regions. The experimen-
tal determination of growth rates of three Rhodopirellula species showed that they had
different growth rates in different salinitiy, light and temperature conditions, but they all
grew in all the conditions tested, except for ‘R. islandica’ which did not grow at 37◦C.
This suggests that Rhodopirellula species are highly adaptive to the environment. In a
transcriptome study of R. baltica, Wegner et al. (2013) demonstrated that the species are
highly responsive to its environment, adjusting the expression of more than 3,000 genes of
the total 7,325 genes in response to changes of temperature or salinity. The broad range
of temperatures and salinities in which the three species are able to grow, supports our
finding that the three Rhodopirellula species were present in all regions sampled, from
the Mediterranean Sea, which is characterize by high salinity (36-39 PSU) and surface
water temperature (9-30◦C), to the Baltic Sea which is characterize by lower salinity
(6-15 PSU) and temperature (0-17◦C).
We also analyzed the microdiversity of the acsA gene using Minimum Entropy Decom-
position (MED), an unsupervised variant of oligotyping. Oligotyping was originally de-
veloped to detect subtle differences in the 16S rRNA gene, which is under functional
selection on all nucleotide positions. Protein coding genes are conserved on the amino
acid level and changes at the nucleotide level are often non-selective in the third codon
due to the degenerated nature of the genetic code. Changes on the first or second codon
are likely to produce a change on the amino acidic sequence, and in some cases this
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change could result in an increase of the fitness or adaptation. Using a high resolution
method like MED on coding sequences can result in a overestimation of the effective
genetic diversity in the environment as results of a much faster evolution rate of the
third position in comparison with the first and the second codon position. This effect is
clearly shown in Fig. 4.3 where the largest entropy values are concentrated on the third
codon position. We also observed that transitions outnumber transversions on the third
codon positions that resulted in synonymous substitution on the acsA gene. As shown in
Fig. 4.5c and 4.5e, MED analysis of sequences with the third position in the codon gave
almost two times more nodes but 40% of node representative amino acid sequences were
identical, while only 1% of the node representatives without the third codon position at
the amino acid level were the same. As we were interested in analysing the functional
microdiversity in the acsA gene of three Rhodopirellula species, we removed the third
position in the codon from the sequence dataset.
MED analysis of R. baltica, ’R. europaea’, ‘R. islandica’ revealed a high microdiversity
in the acsA gene and provided further evidence, beyond the species level, that all three
species are present in all European regions and the Philippines. We observed that 80%
of nodes are shared between samples and we did not observe presence or absence of the
nodes depending on the region. ‘R. baltica’ which was found abundant in all regions
sampled, had the lowest diversity regardless of the abundance, while ‘R. islandica’ and
‘R. europaea’ had lower diversity in the samples where those species were abundant.
Intertidal marine systems are highly dynamic systems and microorganisams living there
are exposed to high fluctuations in environmental parameters e.g. large temperature
changes due to the combination of seasons, tidal cycle and weather conditions, avail-
ability of nutrients and organic matter, solar irradiance, salinity, wave action, and thus
provide a high diversity of microbial niches. ‘R. baltica’ was found in all regions sampled
with relatively low diversity, which would indicate this species is more adapted to chang-
ing environmental conditions than the other two species. We observed for ‘R. europaea’
which had the highest diversity and was found in the Mediterranean and Northwest
France, that different nodes dominate in different regions likely due to different environ-
mental conditions in these regions. On the contrary, ‘R. islandica’ was found abundant
only in the North Atlantic region and one node was dominant in the samples indicating
that this node is well adapted in the environmental conditions of the North Atlantic
region. High diversities of the species where the abundance was low could be a response
to unfavourable conditions in the environment allowing survival over a broad range of
conditions and upon favourable changes in the environment one of the oligotypes could
become abundant. This could also explain the low diversity which we observed in the
samples where those species were abundant, with dominance of one oligotype, where
possibly a particular change in the environment could favour the growth of the oligotype
most adapted to a particular environmental condition. Although, different species had
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high abundances in different samples, the fact that they were present in all regions sug-
gests that changes in particular environmental conditions could result in the shift of the
rare and abundant species.
Taken together, we observed that all three species coexist in all the regions we sampled
suggesting the presence of a Rhodopirellula seed bank in European sediments and pos-
sibly on a global scale. The microbial seed bank concept suggests that changes in the
microbial community structure, which are dependent on the environmental conditions,
represent fluctuations in the relative abundance of the members which are always present
in the community (Gibbons et al., 2013, Lennon & Jones, 2011). Caporaso et al. (2012),
found evidence for a persistent microbial seed bank in the Western English Channel based
on the 16S rRNA gene, but due to the low taxonomic resolution of this gene, endemism
and fine biogeographic structures of closely related organisms would not be detected.
Our use of more sophisticated gene analysis provides evidence for a Rhodopirellula seed
bank beyond the species level. It is important to recognize that the present results deal
only with the diversity and distribution of Rhodopirellula species from the samples taken
at a single time point and to address this hypothesis further, temporal variability of this
species in the environment should be explored to confirm this hypothesis. Most signifi-
cantly, our findings do not support the hypothesis, inferred from the culture-dependent
study, that ‘R. baltica’, ’R. europaea’ and ‘R. islandica’ present a limited biogeography
in European coastal sediments.
Based on the deep sequencing of the acsA gene and MED analysis we conclude that the
three Rhodopirellula species are coexisting in the European coastal sediments, and the
fact that we also found all three species in the sample from the Philippines encourages
a future work including sediments from all around the world that might reveal a global
distribution of these Rhodopirellula species.
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Figure S4.1: Sample-size-based rarefaction (solid lines) and extrapolation (dashed lines) of MED
nodes diversity based on the inverse Simpson index for the R. baltica species.
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Chapter 5
Discussion and conclusions
Rhodopirellula is an abundant, attached-living, marine member of the bacterial phy-
lum Planctomycetes. Cultivation studies revealed the presence of several closely related
species with limited habitat size in European coastal sediments. To further investigate
diversity and biogeography of Rhodopirellula in the environment, without cultivation
and beyond the taxonomic resolution of the commonly used 16S rRNA gene, we per-
formed culture independent amplification of functional genes with primers designed to
specifically target species of the genus Rhodopirellula. Employing either the carB gene,
to detect all cultured and uncultured Rhodopirellula species in a single sample site, or
the acsA gene, to target specifically three Rhodopirellula species in sediments all around
Europe, we found evidence that Rhodopirellula species do not have a limited habitat size
in Europe as suggested before (Winkelmann et al., 2010).
5.1 carB and acsA genes as markers
The 16S rRNA gene is the most commonly used marker for phylogenetic classification of
prokaryotes, however it does not have a resolution to differentiate between closely related
Rhodopirellula species, as shown in the MLSA study of Winkelmann et al. (2010) and
later confirmed by genome sequencing of closely related Rhodopirellula strains. Among
ten strains for which genomes were available, were six strains (SH28, WH47, SWK14,
6C, SH398, K833) that had 16S rRNA gene sequence similarity of 99.5-100% to R. baltica
SH1T. In cultivation-independent studies, these would form one operational taxonomic
unit. However, the average nucleotide identity (ANI) of shared genes between the strains
showed that those six strains represent three species; R. baltica (SH28, WH47, SWK14),
’R. europaea’ (SH398 and 6C) and ’R. islandica’ (K833) (Glöckner et al., 2003, Kizina
et al., 2015, Richter et al., 2014b, Richter-Heitmann et al., 2014). Three other strains,
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Figure 5.1: Phylogenetic Maximum Likelihood tree (GTR+GAMMA) inferred by RAxML
8 (Stamatakis, 2014) of the a) 16S rRNA gene sequences and b) carB gene sequences show-
ing the taxonomic affiliation of Rhodopirellula strains and related planctomycetes. Scale bars
represents 0.1 subtitutions per 100 nucleotides. Numbers on the tree refer to bootstrap values
based on 1000 replicates, values above 50% are shown.
SWK7, SM1 and SM41, had similarities in 16S rRNA gene to R. baltica SH1T and be-
tween each other of less then 98.7%, and a classification as different species could already
be inferred from the 16S rRNA gene sequence similarity. Average nucleotide identity
(ANI) of shared genes between the strains confirmed that those three strains belong to
three different species; ‘Rhodopirellula sallentina’ SM41, ‘Rhodopirellula maiorica’ SM1,
and Rhodopirellula rubra SWK7 (Klindworth et al., 2014, Richter et al., 2014a, Wegner
et al., 2014). Phylogenetic affiliation of the strains based on 16S rRNA gene is shown in
Fig. 5.1a.
To investigate the diversity and biogeography of Rhodopirellula in European coastal
sediments, beyond the resolution of 16S rRNA gene, we used carB and acsA genes as
marker genes. To our knowledge, carB gene has never been used as phylogenetic marker
in bacteria, but was recently identified as one of six genes that together rebuild the
phylogeny of cyanobacteria (Capella-Gutierrez et al., 2014). The acsA gene has been
used in several MLSA studies to investigate phylogenetic relationships of e.g. Thalas-
sospira (Lai et al., 2014), Pseudomonas (Khan et al., 2008, Ravindran et al., 2015) and
Rhodopirellula (Winkelmann et al., 2010). Both genes were chosen as they encode prod-
ucts that are essential to the bacteria and are present in the genomes of all strains.
The carB gene encodes for the large subunit of carbamoyl-phosphate synthetase (EC
6.3.5.5) (CPSase). In prokaryotes, carbamoyl-phosphate is used for the biosynthesis of
arginine and pyrimidines. The CPSase is a heterodimeric enzyme composed of a small
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and a large subunit of which the former catalyzes the hydrolysis of glutamine to gluta-
mate and ammonia, and the latter catalyzes the ATP dependent synthesis of carbamoyl-
phosphate from bicarbonate and ammonia.
The acsA gene encodes for acetyl-CoA synthetase (EC 6.2.1.1), which catalyzes the con-
version of acetate into acetyl-CoA, an essential intermediate used in many biochemical
reactions. Its main function is to transport the carbon atoms within the acetyl group to
the citric acid cycle (TCA or Krebs cycle) to be oxidized for energy production.
For the studies of Rhodopirellula, the carB gene was used as a marker to resolve intra- and
interspecies relationships and to define the threshold for species within the Rhodopirellula
genus, and subsequently used as a marker to detect Rhodopirellula species in the environ-
ment. Contrary to the carB gene, for which primers were designed to target all species
in the genus, the acsA gene primers were designed to detect only three species in the
environment; R. baltica, ‘R. europaea’ and ‘R. islandica’ and all cells belonging to those
species.
Criteria for choosing the carB gene were that it should be a single copy gene, obliga-
tory present in genomes, that the sequence was long enough to contain phylogenetically
useful information, that it possesses two conserved regions flanking a variable central re-
gion with primer sites conserved in all nine Rhodopirellula genomes and very different in
the other planctomycetal genomes, and that it predicts the whole-genome relationships.
Based on those criteria, after manual inspection of 373 candidate gene alignments, carB
was selected as most suitable marker gene. The acsA gene was chosen as it was already
used in the MLSA study of Rhodopirellula isolates (Winkelmann et al., 2010) and it
was successfully amplified for the three species of interest. Furthermore, comparison of
genomes of Rhodopirellula strains and related planctomycetes enabled design of primers
for several housekeeping genes which were specific for three Rhodopirellula species but
when tested on the strains and environmental samples the amplification of the acsA par-
tical gene gave the best experimental results. The results presented in Chapter 3 and
Chapter 4 demonstrate that both carB and acsA amplicons were suitable as markers to
answer the aims set in those studies.
In the carB study, to resolve intra- and interspecies relationships and to define the
species threshold for the partial carB gene (693bp), the pairwise similarity values of
the carB gene were plotted against the ANI values between each pair of genomes
(Fig. 3.2). Genome analyses of four strains of R. baltica (SH1T, SH28, SWK14, WH47)
and two strains of related species ’Rhodopirellula europaea’ (SH398, 6C) established an
intraspecies similarity of the amplicon region of at least 97.4%. The pairwise interspecies
average nucleotide identity (ANI) for the two species was 88% for the common genes in
the genomes and less than 93.1% for the carB amplicon. Thus, a threshold of 95% was
well suited to separate closely related Rhodopirellula species and predict whole-genome re-
lationships with acceptable precision and accuracy. Phylogenetic affiliation of the strains
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based on carB gene is shown in figure 5.1a, which demonstrated the resolution of carB
gene to differentiate closely related species in comparison to the low resolution of the 16S
rRNA gene shown in figure 5.1a. The threshold of 95% in the carB gene sequence similar-
ity is clearly outside the technical uncertainty of the sequencing technology, where error
rates could be in the range of 1-1.5% depending on the sequencing technology (Gilles
et al., 2011, Shendure & Ji, 2008). For the rpoB gene, coding for the beta subunit of the
RNA polymerase, which has been proposed as a marker for the taxonomic affiliation of
Planctomycetes strains, the sequences have a higher degree of conservation with a species
border threshold of 98.2% (Bondoso et al., 2013), clearly above the ANI of shared genes
between species making it less suitable for a diversity study. Besides the Rhodopirellula
strains, for which genomes were available, the phylogenetic trees (Fig. 5.1a,b) include
other validly described species of Rhodopirellula and the species who are awaiting full
description as new species (Frank et al. in prep). The phylogenetic affiliation of carB
gene sequences clearly shows how different species form separate clusters in the tree which
could not be seen from the phylogenetic affiliation of 16S rRNA gene sequences, e.g. for
‘Rhodopirellula bahusiensis’ SWK21. This demonstrates the value of the carB gene as
a phylogenetic marker for the taxonomic evaluation of new strains. Another aim in the
carB study was to use this gene to detect Rhodopirellula species in the environment and
as described in Chapter 3, we detected six already known species and six new species of
Rhodopirellula, which demonstrates that the carB gene is a powerful molecular marker
for detecting Rhodopirellula species in the environment.
On the contrary to the carB gene, the acsA gene primers were designed to detect only
three species in the environment; R. baltica, ‘R. europaea’ and ‘R. islandica’ and can not
be used as phylogenetic marker for the taxonomic evaluation of new strains. The results
shown in Chapter 4 demonstrate the specificity of the primers; 75% of the sequences
affiliated with one of the three species of interest.
For both carB and acsA gene, we retrieved sequences of novel taxa which were not the
focus of our studies. It is well known that the cultured Planctomycetes strains do not
represent the diversity in the nature (Fuchsman et al., 2012, Pizzetti et al., 2011, Pollet
et al., 2011), with 2% of species brought into culture (Lage & Bondoso, 2012), therefore
it was likely to detect novel taxa.
5.2 Methods used to investigate diversity and biogeography
of Rhodopirellula: cloning, NGS and MED
To investigate the diversity of Rhodopirellula in a sediment of Sylt island we employed
cloning and Sanger sequencing of 16S rRNA and carB gene amplicons and 454 pyrose-
quencing of carB gene amplicons. In the study of biogeography in European coastal
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sediments we performed Illumina Miseq sequencing on the amplicons obtained from 44
samples sites. The coastal sediment of Sylt was chosen for the diversity study as Planc-
tomycetes were reported to be very abundant in the upper layers of sandy intertidal
sediments on the island, accounting for between 3 and 19% of all cells (Musat et al.,
2006). The 16S rRNA clone libraries yielded 158 sequences, of which 119 sequences af-
filiated with Planctomycetes, however none of the clone sequences affiliated closely with
the species in the genus Rhodopirellula, likely due to the low sequencing depth. For the
generation of 16S rRNA gene libraries, we used a Planctomycetes-specific reverse primer
(PLA886) (Neef et al., 1998, Pynaert et al., 2003) which covered 91.6% of Planctomyc-
etaceae and 91.5% of Rhodopirellula sequences of the SILVA database (Quast et al., 2013)
and the general bacterial primer 8-27F as forward primer (Juretschko et al., 1998). Clone
libraries of carB gene yielded more sequences than the 16S rRNA clone library, in total
233 sequences, and we detected two known Rhodopirellula species; R. baltica SH1T and
’R. maiorica’ SM1 and four new species. Furthermore, with a deep pyrosequencing of
the carB amplicon we also detected R. rosea, ’R. europaea’, Rhodopirellula sp. CS14, ’R.
islandica’ K833 and 2 unknown species. The deep sequencing of 16S rRNA V6 ampli-
cons from Sylt sediments (project ICM_FIS_Bv6, vamps.mbl.edu, (Huse et al., 2014))
indicated that cells of Rhodopirellula present a small fraction of all planctomycetes in
Sylt sediments, and employing only sequencing of the clones was not sufficient enough
to detect the true diversity of Rhodopirellula in the environment, which we were able to
detect with deep pyrosequencing of the carB amplicon.
In the acsA study we performed Illumina Miseq sequencing on the acsA amplicons to
detect three Rhodopirellula species in 44 samples sites around Europe. As shown in
Chapter 4 we were able to detect those species in all samples analyzed, but the total
abundance of the species per sample site showed that one of the three species was always
dominant in a sample and two other species had low total abundance.
Taken together, both studies showed that deep sequencing is capable to detect the less
abundant species. To investigate the alleles in the acsA gene of each species and to clus-
ter sequences into high-resolution Operational Taxonomic Units (OTUs), we performed
Minimum Entropy Decomposition (MED) analysis (Eren et al., 2015), an unsupervised
version of the oligotyping method (Eren et al., 2013). Oligotyping was originally devel-
oped to detect subtle differences in the 16S rRNA gene and it was shown that it can
resolve ecologically meaningful differences between closely related organisms. Eren et al.
(2013) performed oligotying analysis on Pelagibacter reads from samples collected in
an eighteen months frame and detected that the two most abundant oligotypes, which
differed from each other by only two nucleotides, had a remarkable seasonal variation
in the abundance, with one oligotype dominating in December to June, and the other
dominating from July to November. In the acsA study we performed MED analysis on
the dataset to investigate whether position specific differences in the protein sequences
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within the species could potentially reveal a biogeographic patterns. This was not ob-
served on the species level. The 16S rRNA is a non-protein coding gene, conserved on
the nucleotide level and under functional selection on all nucleotide positions. On the
contrary, protein coding genes are conserved on the amino acid level and changes at the
nucleotide level are often non-selective in the third codon due to the degenerated nature
of the genetic code. Using a high resolution method like MED on coding sequences can
result in a overestimation of the effective genetic diversity in the environment as results
of a much faster evolution rate of the third position. As we were interested to investigate
the microdiversity of the acsA gene of three Rhodopirellula species on the functional
level, looking at the changes in amino acid sequence, which could potentially result in
an increase of the fitness or adaptation, we evaluated the nature of the acsA gene and
tested the method on our dataset. We discuss this in detail in Chapter 4, but overall
we observed that transitions outnumbered transversions on the third codon positions
which resulted in synonymous substitution on the acsA gene and MED analysis of the
sequences with the third position in the codon gave almost two times more nodes, but
40% of node representative amino acid sequences were identical, while only 1% of the
node representatives without the third codon position at the amino acid level were the
same. Considering the bias of the third codon position for the acsA gene and to avoid
a possible overestimation of the diversity, we decided to remove the third position in
the codon for the functional microdiversity analysis. As this is the first application of
MED on protein coding genes, we developed a protocol to take in account the different
selective pressures and evolutionary rates that genes and proteins have (Wang & Zhang,
2009, Zhang & Yang, 2015). This preliminary diagnostics analyses the effects of the
transition and transversion ratio on the third codon position to alleviate the underlying
effects of the genetic code degeneracy and the possible overestimation of the potential
diversity. In the case of the acsA gene, removing the third codon position was justified,
but in other genes this might not be the case.
5.3 Diversity and biogeography of Rhodopirellula in Euro-
pean coastal sediments
Members of the genus Rhodopirellula play a significant role in nutrient cycling pro-
cesses which makes them an important component of microbial communities in widely
distributed and diverse marine habitats. Rhodopirellula was found in many marine envi-
ronments (DeLong et al., 1993, Morris et al., 2006, Pizzetti et al., 2011, Schlesner et al.,
2004), with currently five described species isolated from different habitats around the
world (Bondoso et al., 2014, Roh et al., 2013, Schlesner et al., 2004, Yoshihide Mat-
suo, 2015). The genus Rhodopirellula has a global distribution, but the MLSA study
Diversity and biogeography of Rhodopirellula in European coastal sediments 117
based on 70 cultured Rhodopirellula strains suggested that closely related species have
a limited habitat size in European seas (Winkelmann et al., 2010). Although MLSA is
a high resolution technique which enables differentiation of closely related species, the
use of cultured strains to perform biogeographic studies did not provide a complete view
of the distribution of Rhodopirelulla species in the marine environments. Cultivation-
independent molecular approaches employing either the carB gene or the acsA gene and
next generation sequencing (NGS) technologies enabled an in-depth coverage of the di-
versity in marine coastal sediments, and provided evidence that Rhodopirellula species
do not have a limited habitat size in Europe.
The carB study revealed the presence of 12 species of Rhodopirellula in a single sam-
ple suggesting that it is a highly diverse genus in the environment. Among these were
R. baltica, ‘R. europaea’ and ‘R. islandica’, the three species of interest in the acsA
study. The broad study of three Rhdopirellula species in sediments around Europe re-
vealed the presence of all three species in all regions sampled and provided evidence
for a Rhodopirellula seed bank in European coastal sediments, on the species level and
beyond. All three species showed a wide geographical distribution with amplicon abun-
dances from 0.1 to 99%. High abundances of R. baltica were found in samples covering
all regions sampled from the Mediterranean Sea to Norwegian waters. Contrary to R.
baltica, high abundances of ‘R. europaea’ were found only in the samples from the En-
glish Channel and Mediterranean Sea, whereas high abundances of ‘R. islandica’ were
found in the samples from North Atlantic; the regions where Winkelmann et al. (2010)
isolated those strains and which were suggested as preferable habitat. Although we
found the three species coexisting in almost all samples analyzed, we observed that only
one species was always dominant in the sample as shown in Fig. 4.1. The fact that we
found all three species co-occuring in all regions sampled could be explained by habitat
filtering (Webb et al., 2002), a process that was found dominant in shaping microbial
communities (Horner-Devine & Bohannan, 2006, Pontarp et al., 2012, Wang et al., 2012).
The concept suggests that closely related species co-occur in the environment as they
share a trait, or suite of traits, that allow them to persist in a given habitat. Dominance
of only one species in different samples could suggest the interspecies competition of
closely related Rhodopirellula in coastal sediments. The hypothesis about competitions
role in community assembly suggest that two species that are more closely related also
have a larger ecological similarity and a more intense competition between them is ex-
pected to happen (Cahill et al., 2008, Cavender-Bares et al., 2009, Cooper et al., 2008,
Darwin, 1859, Wiens et al., 2010). Although habitat filtering was suggested to be the
dominant force in bacterial community assembly, interspecific competition in bacterial
community can have a significant impact and it is likely that both habitat filtering and
competition act together to produce the community structures observed in the environ-
ment (Horner-Devine & Bohannan, 2006, Koeppel & Wu, 2014).
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Intertidal marine systems are highly dynamic systems and microorganisms living there
are exposed to high fluctuations in environmental conditions and it is likely that ob-
served high abundances of different Rhodopirellula species in different samples reflect
the conditions present in the environment at the time of the sampling. Change in the
environment may result in the shift of the rare and abundant species in a particular
environmental conditions. MED analysis of R. baltica, ‘R. europaea’, ‘R. islandica’ re-
vealed a high microdiversity in the acsA gene and provided evidence, beyond the species
level, that all three species are present in all regions sampled. Analyzing abundance on
the species level we observed the dominance of one species in each samples. Equally,
when analyzing abundance and distribution of species oligotypes, as shown in Fig. 4.6,
we observed that different oligotypes were dominant in different samples. High diversity
of the species could be a response to high fluctuations in environmental parameters (e.g.
large temperature changes due to the combination of seasons, tidal cycle, availability of
nutrients and organic matter, solar irradiance, salinity, wave action) which would allow
survival over a broad range of conditions. Upon favorable changes in the environment
one of the oligotypes most adapted to a particular environmental condition may be-
come abundant. Growth experiments of three Rhodopirellula species in different light,
salinity (S) and temperature (T) experiments demonstrated that each species had opti-
mal growth in different condition but they grew in all conditions tested, suggesting that
species are well adapted to survive in a broad range of environmental conditions. Wecker
et al. (2009) demonstrated in the transcriptome study of R. baltica that the species are
highly responsive to its environment adjusting the expression of more than 3,000 genes
of the total 7,325 genes in response to changes of temperature or salinity. Genome se-
quencing of R. baltica, ‘R. europaea’ and ‘R. islandica’ strains (Glöckner et al., 2003,
Kizina et al., 2015, Richter et al., 2014b, Richter-Heitmann et al., 2014) revealed that
the size of the genome of each strain is more than 7 Mb with over 6000 predicted open
reading frames, which reflects the complex lifestyle of Rhodopirellula. The gene-content
comparison revealed that species share 55% genes, whereas 45% are species-specific.
The high number of shared genes may explain that we found co-occurrence of the species
in different regions as the species shared common features allowing them to colonize the
same habitats. The species-specific genes may explain the dominance of only one species
in each sample site where particular environmental condition could trigger expression of
different genes allowing them to outcompete the growth of the species where those genes
are not present.
Taken together, large genome sizes which reflects a complex lifestyle and a broad range
of environmental conditions which support growth enable these species to colonize highly
dynamic intertidal coastal sediments. The results obtained from both carB and acsA
study do not support the hypothesis inferred from the culture-dependent study that ‘R.
baltica’, ‘R. europaea’ and ‘R. islandica’ have a limited habitat size in European coastal
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sediments. On the contrary, we observed that all three species coexist in all regions we
sampled, suggesting the presence of a Rhodopirellula seed bank in the European sedi-
ments. Although different species are dominating in different samples, a broad range
of genetic and physiological features of these species could enable the shift from rare to
abundant species upon particular change in the environment.
5.4 Conclusions and perspectives
Bass Becking (1934) proposed that in microbial ecology “everything is everywhere, but
the environment selects”, suggesting there is no dispersal limitation and variation in
environmental factors drives biogeographic patterns of microbial community. Gibbons
et al. (2013) found evidence that the global ocean contains a persistent microbial seed
bank and that variation in microbial community composition reflect shifts in the relative
abundance of taxa, due to the differences in environmental conditions, rather than their
presence or absence. However, that conclusion was inferred based on the phylogenetic
distribution of the conserved 16S rRNA gene and many studies indicate that disper-
sal between distant environments is limited (Cho & Tiedje, 2000, Martiny et al., 2006,
Whitaker et al., 2003), implying that microbial communities can also be shaped by their
geographic distance, especially at finer phylogenetic levels. Rhodopirellula is an attached-
living bacterium which can disperse only during a distinct, short time span by formation
of swarmer cells which can disperse via active propulsion to reach for new resources.
The adult Rhodopirellula cells loose their flagellum, produce a sticky substance at their
vegetative pole, called the holdfast substance, and attach in nature to surfaces, e.g. ma-
rine snow and sediment particles (Morris et al., 2006, Musat et al., 2006, Winkelmann &
Harder, 2009). Although Rhodopirellula attached to marine snow in the water column
may be transported via passive dispersal until the particle reaches the sea floor, cells
attached to sediment will not disperse as far as those in the water column. In the study
on intertidal coastal sediment where we employed carB and acsA gene to investigate
the diversity and biogeography of Rhodopirellula we found evidence that Rhodopirellula
species do not have a limited habitat size, indicating there is no dispersal limitation of
this species. In an unpublished study where we isolated Rhodopirellula species from dif-
ferent samples collected on Sylt island in the North sea, we found strains closely related
to ’Rhodopirellula europaea’ isolated from a biofilm attached on the plastic sheet (data
not shown). Due to the low density and persistence in the marine environment, plastic
particles are readily transported over long distances, and due the fact that Rhodopirellula
species can survive in a broad range of environmental conditions, long distance passive
transport could explain why we did not observe a limited habitat size. Essentially, for
three Rhodopirellula species our results suggest “everything is everywhere”, even when
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analyzing the distribution of the species on the finer taxonomic level, while different
relative abundance and dominance of the species in different samples could infer that
“environment selects”.
In this study, we provide evidence for a Rhodopirellula seed bank beyond the species
level. We note that the present results deal only with the diversity of a single gene and
distribution of Rhodopirellula species from the samples taken at a single time point, and
to address this hypothesis further, temporal variability of this species in the environment
should be explored. The acsA study focused only on three species of Rhodopirellula, but
the carB study revealed a high number of different species in a single sample site, thus
the further investigations employing different functional genes might unravel the true
number of species in different environments. Also, growth experiments in variety of
environmental conditions and in situ measurement of environmental parameters could
reveal which conditions might be responsible for observed dominance of a single species
in different samples. The fact that we found all three species in the sample from the
Philippines encourages a future work including sediments from all around the world that
might reveal a global distribution of Rhodopirellula species.
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